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Executive Summary

The PHENIX collaboration in this document proposes a major upgrade to the PHENIX
detector at the Relativistic Heavy Ion Collider. This upgrade, referred to as sSPHENIX,
enables a compelling jet physics program addressing fundamental questions about the
nature of the strongly coupled quark-gluon plasma, discovered experimentally at RHIC to
be a perfect fluid. Questions such as how and why the quark-gluon plasma behaves as a
perfect fluid in the vicinity of strongest coupling, near 1-2 T, can only be fully addressed
with jet observables at RHIC energies, which probe the medium over a variety of length
scales. Comparing these measurements with ones probing higher temperature at the
Large Hadron Collider will provide invaluable insight into the thermodynamics of QCD.
Recent data in p(d)+A collisions renews the question of what are the minimum size,
shape, and temperature requirements for the formation of droplets of quark-gluon plasma.
Importantly, sSPHENIX also provides the foundation for a future detector able to exploit
the novel physics opportunities of an electron-ion collider at RHIC.

The sPHENIX upgrade addresses specific questions whose answers are necessary to
advance our understanding of the quark-gluon plasma:

e How does a partonic shower develop and propagate in the quark-gluon plasma?

e How does one reconcile the observed strongly coupled quark-gluon plasma with the
asymptotically free theory of quarks and gluons?

e What are the dynamical changes in the quark-gluon plasma in terms of quasiparticles
and excitations as a function of temperature?

e How sharp is the transition of the quark-gluon plasma from the most strongly cou-
pled regime near T, to a weakly coupled system of partons known to emerge at
asymptotically high temperatures?

The development of the sSPHENIX physics program has benefited from very active engage-
ment with the theory community. For current-day questions regarding the perfect fluidity
of the quark-gluon plasma, engagement between theorists and experimentalists, fed by in-
creasingly comprehensive data from RHIC and the LHC, has moved the physics discussion
beyond merely constraining 77 /s to exploring its temperature dependence and other prop-
erties. In an analogous manner, there is great progress in the theoretical understanding of



jet quenching — see Ref. [1] from the JET Collaboration, for example. We foresee that truly
comprehensive jet data from RHIC and the LHC — to which sPHENIX contributes cru-
cially — will move the physics discussion beyond merely constraining the single transport
property 4 to a deeper understanding of the dynamics of the quark-gluon plasma.

To pursue these physics questions we are proposing an upgrade consisting of a 1.5T
superconducting magnetic solenoid of inner radius 140 cm with electromagnetic and
hadronic calorimetry providing uniform coverage for || < 1. The sSPHENIX solenoid is
an existing magnet developed for the BaBar experiment at SLAC, and recently ownership
of this key component was officially transferred to BNL. An engineering drawing of the
sPHENIX detector and its incorporation into the PHENIX interaction region are shown in
the top panel of Figure 1.

The sPHENIX detector proposed in this document represents a major scientific instru-
ment with outstanding capabilities. A concept for how those capabilities is augmented
through non-DOE funding with additional instrumentation has been an integral part
of the sSPHENIX design considerations from the outset. Additional tracking outside the
existing PHENIX silicon vertex detector and a preshower with fine segmentation in front
of the electromagnetic calorimeter will expand the sSPHENIX physics program to include
heavy quarkonia suppression via the three upsilon states, tagging of charm and beauty
jets, jet fragmentation function modifications, and nuclear suppression of 7° yields up
to pr = 40 GeV/c. The potential for extending the SPHENIX capabilities in this way has
attracted significant international interest. Our goal is to have these upgrades installed and
available for physics on day-one, and toward that goal we are pursuing funding through
proposals to US-Japan, RIKEN and JSPS.

The sPHENIX plan has been developed in conjunction with the official timeline from BNL
management. The expectation is for RHIC running through 2016, a shutdown in 2017,
RHIC running for the increased luminosity beam energy scan in 2018-2019, a shutdown
in 2020, and RHIC running in 2021 and 2022. We anticipate installing the magnet, the
hadronic calorimeter and portions of the tracking to enable significant commissioning
of sSPHENIX during the 2019 running period. The sPHENIX detector will be completely
integrated, including detectors funded through non-DOE contributions, during the 2020
shutdown, and it would be available for physics at the start of the 2021 run. With the
higher luminosity now enabled by accelerator upgrades, sSPHENIX will sample over 50
billion Au+Au collisions at \/syny = 200 GeV in a 20 week run. The high rate capability
of sSPHENIX will enable the recording of over 10 million dijet events with Er > 20GeV,
along with a correspondingly large y-+jet sample. We envision a run plan for 2021-2022
consisting of two 30 week physics runs allowing a period for final commissioning, 20
weeks of Au+Au running, and extended periods of p+p and p(d)+Au running.

The design of sSPHENIX takes advantage of a number of technological advances to enable a
significantly lower cost per unit solid angle than has been previously possible, and we have
obtained budgetary guidance from well-regarded vendors for the major components of
sPHENIX. Further cost savings are achieved by reusing significant elements of the existing



PHENIX mechanical and electrical infrastructure. We have also estimated the need for
engineering and installation and management. We document a cost estimate for sSPHENIX
that includes overhead and contingency totaling ~$28M in equipment and ~$6M in labor.

We have designed sPHENIX so that it could serve as the foundation for a future detector,
ePHENIX, intended to make physics measurements at a future electron ion collider (EIC)
at RHIC. The BNL implementation of the EIC, eRHIC, adds a 5-10 GeV electron beam
to the current hadron and nuclear beam capabilities of RHIC. The sPHENIX detector,
when combined with future upgrades in the backward (3 < —1) and forward (7 > 1)
regions enables a full suite of EIC physics measurements as described in Appendix A. The
ePHENIX detector concept is shown in the bottom panel of Figure 1. There is also the
potential, if one can realize appropriate instrumentation in the hadron-going direction
while polarized p+p and p+A collisions are still available at RHIC, to pursue a rich
program of forward physics measurements.

The document is organized as follows. In Chapter 1, we detail the physics accessible via jet,
dijet, and y+jet measurements at RHIC to demonstrate the mission need. In Chapter 2, we
detail the SPHENIX detector and subsystem requirements needed to achieve the physics
goals. In Chapter 3, we detail the specific detector design and GEANT4 simulation results.
In Chapter 4, we detail the physics performance with full detector simulations. Chapter 5
details the management plan, cost, and schedule for the sSPHENIX project. Chapter 6
describes the two non-DOE funded detector additions. Finally, Appendix A details an
evolution to the ePHENIX detector.



Figure 1: Engineering renderings showing the sSPHENIX and ePHENIX detector concepts.
(top) sSPHENIX as described in this proposal, showing the reconfigured VTX tracker, the elec-
tromagnetic calorimeter (in blue), the superconducting solenoid, and the hadronic calorime-
ter (in red). (bottom) ePHENIX, a detector capable of world-class measurements with an
electron-ion collider at RHIC (see Appendix A for details).
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Chapter 1

The Physics Case for sSPHENIX

Hadronic matter under conditions of extreme temperature or net baryon density transitions
to a new state of matter called the quark-gluon plasma. Lattice QCD calculations at zero
net baryon density indicate a smooth crossover transition at T, ~ 170 MeV, though with a
rapid change in properties at that temperature as shown in the left panel of Figure 1.1 [2].
This quark-gluon plasma dominated the early universe for the first six microseconds of its
existence. Collisions of heavy nuclei at the Relativistic Heavy Ion Collider (RHIC) have suf-
ficient initial kinetic energy that is then converted into heat to create quark-gluon plasma
with an initial temperature—measured via the spectrum of directly emitted photons—of
greater than 300 MeV [3]. The higher energy collisions at the Large Hadron Collider (LHC)
produce an even higher initial temperature T > 420 MeV [4].

0.4 0.6 0.8 1 1.2
: : : . . 2 1
F esg/T" ~
16 Trg SB Eoof
14 ¢ 4 = 08F-
elT T: E
12 ¢ S 07
10 + 3p/T4 p4 —a— - O.6;
asgtad —e— 05E-
8 p4 —— g
6 asqtad —— O"‘?
0.3
4t 8
0.2
2 E
0.1
0 . - - - - T [MeV] - : | | | | | | \ \
100 150 200 250 300 350 400 450 500 550 f007 150 200 250 300 350 400 450 500 550

T [MeV]

Figure 1.1: (Left) The energy density and three times the pressure normalized by 1/T* as a
function of temperature [2]. (Right) Deviation in p/ T* relative to the Stefan-Boltzmann value
as a function of temperature. The deviation from the Stefan-Boltzmann value is 23%, 39%,
53%, and 80% at temperatures of 420, 300, 250, and 200 MeV, respectively.



The Physics Case for sPHENIX

In materials where the dominant forces are electromagnetic, the coupling aem, is always
much less than one. Even so, many-body collective effects can render perturbative cal-
culations non-convergent and result in systems with very strong effective coupling [5].
In cases where the nuclear force is dominant, and at temperature scales of order 1-3 T¢,
the coupling constant & is not much less than one and the system is intrinsically non-
perturbative. In addition, the many-body collective effects in the quark-gluon plasma and
their temperature dependence near T are not well understood.

The right panel of Figure 1.1 shows the deviation from the Stefan-Boltzmann limit of
Lattice QCD results for the pressure normalized by 1/T*. The Stefan-Boltzmann limit
holds for a non-interacting gas of massless particles (i.e., the extreme of the weakly coupled
limit), and as attractive inter-particle interactions grow stronger the pressure decreases.
Thus, one might expect that the quark-gluon plasma would transition from a weakly
coupled system at high temperature to a more strongly coupled system near T;. However,
a direct quantitative extraction of the coupling strength warrants caution as string theory
calculations provide an example where the coupling is very strong and yet the deviation
from the Stefan-Boltzmann limit is only 25% [6, 7]. The change in initial temperature
between RHIC and LHC collisions is thus expected to be associated with important
changes in the nature of the quark-gluon plasma [8]. If not, the question is why not.

The collisions at RHIC and the LHC involve a time evolution during which the temper-
ature drops as the quark-gluon plasma expands. The real constraint on the temperature
dependence of the quark-gluon plasma properties will come from calculations which si-
multaneously describe observables measured at both energies. Since we are studying a
phase transition, it is crucial to do experiments near the phase transition and compare
them with experiments done further above T.. Typically, all the non-scaling behavior is
found near the transition.

For many systems the change in coupling strength is related to quasiparticle excitations or
strong coherent fields, and to study these phenomena one needs to probe the medium at a
variety of length scales. For example, in a superconductor probed at long length scales,
one scatters from Cooper pairs; in a superconductor probed at short distance scales one
observes the individual electrons. Hard scattered partons generated in heavy ion collisions
that traverse the quark-gluon plasma serve as the probes of the medium. Utilizing these
partonic probes, measured as reconstructed jets, over the broadest possible energy scale is
a key part of unraveling the quasiparticle puzzle in the quark-gluon plasma. Jets at the
LHC reach the highest energies, the largest initial virtualities, and large total energy loss
to probe the shortest distance scales. The lower backgrounds at RHIC will push the jet
probes to lower energies and lower initial virtualities thus probing the important longer
distance scales in the medium.

Continued developments in techniques for jet reconstruction in the environment of a
heavy ion collision have allowed the LHC experiments to reliably recover jets down to
40GeV [9, 10], which is well within the range of reconstructed jet energies at RHIC. This
overlap opens the possibility of studying the QGP at the same scale but under different



The Physics Case for sSPHENIX Pushing and probing the QGP

conditions of temperature and coupling strength.

This Chapter is organized into Sections as follows. We first describe the key ways of
‘pushing” and "probing’ the quark-gluon plasma to understand its properties. We then
discuss three different aspects in which the RHIC jet results are crucial in terms of (1) the
temperature dependence of the QGP, (2) the microscopic inner workings of the QGP, and
(3) the QGP time evolution along with the parton shower evolution. We then discuss the
current state of jet probe measurements from RHIC and LHC experiments, followed by a
review of theoretical calculations for RHIC jet observables. Finally, we review the jet, dijet,
and 7y-jet rates relevant for measurements at RHIC.

1.1 Pushing and probing the QGP

Results from RHIC and LHC heavy ion experiments have provided a wealth of data
for understanding the physics of the quark-gluon plasma. One very surprising result
discovered at RHIC was the fluid-like flow of the quark-gluon plasma [11], in stark contrast
to some expectations that the quark-gluon plasma would behave as a weakly coupled gas
of quarks and gluons. It was originally thought that even at temperatures as low as 2-5 T,
the quark-gluon plasma could be described with a weakly coupled perturbative approach
despite being quite far from energy scales typically associated with asymptotic freedom.

The quark-gluon plasma created in heavy ion collisions expands and cools, eventually
passing through the phase transition to a state of hadrons, which are then measured by
experiment. Extensive measurements of the radial and elliptic flow of hadrons, when
compared to hydrodynamics calculations, imply a very small ratio of shear viscosity to
entropy density, #7/s [12]. In the limit of very weak coupling (i.e., a non-interacting gas),
the shear viscosity is quite large as particles can easily diffuse across a velocity gradient in
the medium. Stronger inter-particle interactions inhibit diffusion to the limit where the
strongest interactions result in a very short mean free path and thus almost no momentum
transfer across a velocity gradient, resulting in almost no shear viscosity.

The shortest possible mean free path is of order the de Broglie wavelength, which sets
a lower limit on 7 /5 [13]. A more rigorous derivation of the limit /s > 1/47 has been
calculated within string theory for a broad class of strongly coupled gauge theories by
Kovtun, Son, and Starinets (KSS) [14]. Viscous hydrodynamic calculations assuming
11/s to be temperature independent through the heavy ion collision time evolution are
consistent with the experimental data where 7 /s is within 50% of this lower bound for
strongly coupled matter [12, 15, 16, 17, 18, 19]. Even heavy quarks (i.e., charm and beauty)
are swept up in the fluid flow and theoretical extractions of the implied 77 /s are equally
small [20].

Other key measures of the coupling strength to the medium are found in the passage
of a hard scattered parton through the quark-gluon plasma. As the parton traverses the
medium it accumulates transverse momentum as characterized by § = d(Ap%)/dt and

3



Pushing and probing the QGP The Physics Case for sSPHENIX
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Figure 1.2: 7/s (blue) and T°/4 (red) as a function of the inverse of the 't Hooft coupling[21].
For large A (i.e., small 1/A), 17/s approaches the quantum lower bound asymptotically, losing
its sensitivity to further changes in the coupling strength.

transfers energy to the medium via collisions as characterized by é = dE/dt. Ref. [22] has
calculated 4/T in N = 4 supersymmetric Yang-Mills theory to be proportional to the
square root of the coupling strength whereas 77/s asymptotically approaches the quantum
lower bound as the coupling increases. Both of these ratios are shown as a function of the
inverse coupling in Figure 1.2. For large 't Hooft coupling (A), 17/s is already quite close to
1/47t, whereas T3/ g is still changing. This behavior has caused the authors of Ref. [21] to
comment: “The ratio T®/4 is a more broadly valid measure of the coupling strength of the
medium than 77 /s.”

In vacuum, the hard scattered parton creates a shower of particles that eventually form a
cone of hadrons, referred to as a jet. In the quark-gluon plasma, the lower energy portion
of the shower may eventually be equilibrated into the medium, thus giving a window
on the rapid thermalization process in heavy ion collisions. This highlights part of the
reason for needing to measure the fully reconstructed jet energy and the correlated particle
emission with respect to the jet at all energy scales. In particular, coupling parameters such
as 4 and ¢ are scale dependent and must take on weak coupling values at high enough
energies and very strongly coupled values at thermal energies.

The focus of this proposal is the measurement of jet probes of the medium as a way of
understanding the coupling of the medium, the origin of this coupling, and the mechanism
of rapid equilibration. The quark-gluon plasma is one form of the “condensed matter”
of QCD and in any rigorous investigation of condensed matter of any type, it is critical
to make measurements as one pushes the system closer to and further from a phase

4
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What is the temperature
dependence of the T 4
QGP?

What are the inner
workings of the QGP?

)\prpbe

5 How does the QGP evolve
Qhard along with the parton
shower?

Figure 1.3: Three illustrative axes along which the quark-gluon plasma may be pushed and
probed. The axes are the temperature of the quark-gluon plasma, the Ql%ard of the hard
process that sets of the scale for the virtuality evolution of the probe, and the wavelength
with which the parton probes the medium Apope-

transition and with probes at different length scales. Substantially extending these scales
with measurements at RHIC, particularly closer to the transition temperature and at longer
distance scales, is the unique ability provided by this proposal.

The critical variables to manipulate for this program are the temperature of the
quark-gluon plasma, the length scale probed in the medium, and the virtuality of the
hard process as shown schematically in Figure 1.3. In the following three sections we detail
the physics of each axis.

1.2 What is the temperature dependence of the QGP?

The internal dynamics of more familiar substances—the subjects of study in conventional
condensed matter and material physics—are governed by quantum electrodynamics. It
is well known that near a phase boundary they demonstrate interesting behaviors, such
as the rapid change in the shear viscosity to entropy density ratio, 17/s, near the critical
temperature, T. This is shown in Figure 1.4 for water, nitrogen, and helium [23]. Despite
the eventual transition to superfluidity at temperatures below T, 17/s for these materials
remains an order of magnitude above the conjectured quantum bound of Kovtun, Son,
and Starinets (KSS) derived from string theory [14]. These observations provide a deeper
understanding of the nature of these materials: for example the coupling between the

5
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Figure 1.4: (Left) The ratio of shear viscosity to entropy density, #/s, normalized by the
conjectured KSS bound as a function of the reduced temperature, T/ T, for water, Nitrogen,
and Helium. The cusp for Helium as shown corresponds to the case at the critical pressure.
(Right) Calculation of hot QCD matter (quark-gluon plasma) for a weakly coupled system.
Dashed lines show the scale dependence of the perturbative calculation.

fundamental constituents, the degree to which a description in terms of quasiparticles is
important, and the description in terms of normal and superfluid components.

The dynamics of the QGP is dominated by quantum chromodynamics and the experi-
mental characterization of the dependence of 7 /s on temperature will lead to a deeper
understanding of strongly coupled QCD near this fundamental phase transition. Theoret-
ically, perturbative calculations in the weakly coupled limit indicate that #/s decreases
slowly as one approaches T, from above, but with a minimum still a factor of 20 above the
KSS bound [24] (as shown in the right panel of Figure 1.4). However, as indicated by the
dashed lines in the figure, the perturbative calculation has a large renormalization scale
dependence and results for different values of the scale parameter (y, ;1/2,2y) diverge
from each other near T,.

Figure 1.5 (left panel) shows several state-of-the-art calculations for 7 /s as a function of
temperature. Hadron gas calculations show a steep increase in 7 /s below T; [25], and
similar results using the UrQMD model have also been obtained [26]. Above T, there
is a lattice calculation in the SU(3) pure gauge theory [27] resulting in a value near the
KSS bound at T = 1.65 T,. Calculations in the semi-QGP model [28], in which color is
not completely ionized, have a factor of five increase in 77 /s in the region of 1-2 T.. Also
shown are calculations from a quasiparticle model (QPM) with finite pp [29] indicating
little change in #/s up to 2 T.. There is also an update on the lower limit on 7 /s from
second order relativistic viscous hydrodynamics [30], with values remaining near 1/4rr.

6
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Figure 1.5: (Left) Shear Viscosity divided by entropy density, #/s, renormalized by the
conjectured KSS bound as a function of the reduced temperature, T/ T, with various calcu-
lations for the quark-gluon plasma case. See text for discussion. (Right) Figure with three
conjectured scenarios for the quark-gluon plasma transitioning from the strongly coupled
bound (as a near perfect fluid) to the weakly coupled case.

It is safe to say that little is known in a theoretically reliable way about the nature of this
transition or the approach to weak-coupling.

Hydrodynamic modeling of the bulk medium does provide constraints on # /s, and re-
cent work has been done to understand the combined constraints on # /s as a function
of temperature utilizing both RHIC and LHC flow data sets [31, 32, 33, 34]. The results
from [34] as constrained by RHIC and LHC data on hadron transverse momentum spectra
and elliptic flow are shown in Figure 1.5 (left panel). These reach the pQCD weak coupled
value at 20 x 1/47 for T = 3.4T.. Also shown are two scenarios, labeled “Song-a” and
“Song-b”, for 1/s(T) in [32] from which the authors conclude that “one cannot unambigu-
ously determine the functional form of 7 /s(T) and whether the QGP fluid is more viscous
or more perfect at LHC energy.”

Shown in Figure 1.5 (right panel) are three possible scenarios for a more or less rapid
modification of the medium from the strong to the weak coupling limit. Scenario I has
the most rapid change in 17/5(T) following the “Song-a” parametrization and Scenario
III has the least rapid change going through the lattice QCD pure glue result [27]. It is
imperative to map out this region in the ‘condensed matter” physics of QCD and extract
the underlying reason for the change.

The above discussion has focused on 7 /s as the measure of the coupling strength of the
quark-gluon plasma. However, both 1 /s and jet probe parameters such as 4§ and ¢é are

7
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Figure 1.6: (Left) § as a function of T /T, in the three scenarios as related with the weak-
coupling calculation. (Right) Different calculations for the scaling of § under weak and strong
coupling assumptions.

sensitive to the underlying coupling of the matter, but in distinct ways. Establishing for
example the behavior of § around the critical temperature is therefore essential to a deep
understanding of the quark-gluon plasma. Hydrodynamic modeling may eventually
constrain 1 /s(T) very precisely, though it will not provide an answer to the question of the
microscopic origin of the strong coupling (something naturally available with jet probes).

The authors of Ref [21] propose a test of the strong coupling hypothesis by measuring both
1n1/s and 4. They derive a relation between the two quantities expected to hold in the weak
coupling limit.

2 1.25T3
=75

4 (1.1)
The authors conclude that “an unambiguous determination of both sides of [the equation]
from experimental data would thus permit a model independent, quantitative assessment
of the strongly coupled nature of the quark-gluon plasma produced in heavy ion collisions.”
For the three scenarios of 17/s(T) shown in Figure 1.5 (right panel), we calculate 4 as a
function of temperature assuming the equivalence case in Eqn. 1.1 and the result is shown
in Figure 1.6 (left panel). The inset in Figure 1.6 shows a magnified view of the region
around T and a significant local maximum in § is observed in scenarios I and II.

Figure 1.6 (right panel) shows that for the equivalence relation of Eqn. 1.1, all three
scenarios have a result that differs significantly from the simple perturbative expectation of
as T3 [35]. Also shown in Figure 1.6 are the predicted temperature dependence of § in the
strongly coupled AdS/CFT (supersymmetric Yang-Mills) case [22] and the Hard Thermal

8



The Physics Case for sPHENIX What are the inner workings of the QGP?

Loop (HTL) case [36].

Since the expected scaling of § with temperature is such a strong function of temperature,
jet quenching measurements should be dominated by the earliest times and highest
temperatures. In order to have sensitivity to temperatures around 1-2 T., measurements at
RHIC are needed in contrast to the LHC where larger initial temperatures are produced. In
addition, the ability of RHIC to provide high luminosity heavy-ion collisions at a variety
of center of mass energies can be exploited to probe the detailed temperature dependence
of quenching right in the vicinity of T.

In Ref. [37], Liao and Shuryak use RHIC measurements of single hadron suppression and
azimuthal anisotropy to infer that “the jet quenching is a few times stronger near T relative
to the quark-gluon plasma at T > T..” This enhancement of 4§ is shown in Figure 1.6 (right
panel) and is the result of color magnetic monopole excitations in the plasma near T.. A
more detailed discussion of constraints from current experimental measurements is given
in Section 1.5. We note that enhancements in § above the critical temperature may be a
generic feature of many models, as illustrated by the three conjectured evolutions, and
so underscore the need for detailed measurements of quark-gluon plasma properties near
the transition temperature.

All measurements in heavy ion collisions are the result of emitted particles integrated over
the entire time evolution of the reaction, covering a range of temperatures. Similar to the
hydrodynamic model constraints, the theory modeling requires a consistent temperature
and scale dependent model of the quark-gluon plasma and is only well constrained by

precision data through different temperature evolutions, as measured at RHIC and the
LHC.

1.3 What are the inner workings of the QGP?

A second axis along which one can investigate the underlying structure of the
quark-gluon plasma concerns the question of what length scale of the medium is being
probed by jet quenching processes. In electron scattering, the scale is set by the virtuality
of the exchanged photon, Q%. By varying this virtuality one can obtain information over
an enormous range of scales: from pictures of viruses at length scales of 10~° meters, to
the partonic make-up of the proton in deep inelastic electron scattering at length scales of
less than 10718 meters.

For the case of hard scattered partons in the quark-gluon plasma, the length scale probed
is initially set by the virtuality of the hard scattering process. Thus, at the highest LHC
jet energies, the parton initially probes a very short length scale. Then as the evolution
proceeds, the length scale is set by the virtuality of the gluon exchanged with the color
charges in the medium, as shown in the left panel of Figure 1.7. However, if the exchanges
are coherent, the total coherent energy loss through the medium sets the length scale.
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Figure 1.7: (Left) Diagram of a quark exchanging a virtual gluon with an unknown object in
the QGP. This highlights the uncertainty for what sets the scale of the interaction and what
objects or quasiparticles are recoiling. (Right) Diagram as a function of the Q? for the net
interaction of the parton with the medium and the range of possibilities for the recoil objects.

Figure 1.7 (right panel) shows that if the length scale probed is very small then one expects
scattering directly from point-like bare color charges, most likely without any influence
from quasiparticles or deconfinement. As one probes longer length scales, the scattering
may be from thermal mass gluons and eventually from possible quasiparticles with size of
order the Debye screening length. In Ref. [38], Rajagopal states that “at some length scale,
a quasiparticulate picture of the QGP must be valid, even though on its natural length
scale it is a strongly coupled fluid. It will be a challenge to see and understand how the
liquid QGP emerges from short-distance quark and gluon quasiparticles.”

The extension of jet measurements over a wide range of energies and with different
medium temperatures again gives one the largest span along this axis. What the parton is
scattering from in the medium is tied directly to the balance between radiative energy loss
and inelastic collisional energy loss in the medium. In the limit that the scattering centers
in the medium are infinitely massive, one only has radiative energy loss—as was assumed
for nearly 10 years to be the dominant parton energy loss effect. In the model of Liao and
Shuryak [37], the strong coupling near the quark-gluon plasma transition is due to the
excitation of color magnetic monopoles, and this should have a significant influence on
the collisional energy loss and equilibration of soft partons into the medium.

In a model by Coleman-Smith [39, 40] consisting of parton showers propagating in a
medium of deconfined quarks and gluons (see Section 1.6), one can directly vary the mass
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of the effective scattering centers and extract the resulting values for é and 4. Figure 1.8
shows Té/q as a function of the mass of the effective scattering centers in the medium in
this model. In the limit of infinitely massive scattering centers, the interactions are elastic
and no energy is transferred to the medium.
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Figure 1.8: T¢/4 as a function of the mass of the effective scattering centers in the medium.
As the mass increases, the parton is less able to transfer energy to the medium and the ratio
drops.

1.4 How does the QGP evolve along with the parton shower?

The initial hard scattered parton starts out very far off-shell and in e*e™, p+p or p+p col-
lisions the virtuality evolves in vacuum through gluon splitting down to the scale of
hadronization. In heavy ion collisions, the vacuum virtuality evolution is interrupted
at some scale by scattering with the medium partons which increase the virtuality with
respect to the vacuum evolution. Figure 1.9 shows the expected evolution of virtual-
ity in vacuum, from medium contributions, and combined for a quark-gluon plasma at
To = 300 MeV with the traversal of a 30 GeV parton (left) and at Ty = 390 MeV with the
traversal of a 200 GeV parton (right) [41, 42]. If this picture is borne out, it “means that
the very energetic parton [in the right picture] hardly notices the medium for the first 34
tm of its path length [42].” Spanning the largest possible range of virtuality (initial hard
process Q?) is very important, but complementary measurements at both RHIC and LHC
of produced jets at the same virtuality (around 50 GeV) will test the interplay between the
vacuum shower and medium scattering contributions.

11
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Figure 1.9: Jet virtuality evolution at RHIC (left) and LHC (right). Vacuum contributions
to virtuality (blue dashed lines) decrease with time and medium induced contributions
(red dashed lines) increase as the parton scatters in the medium. The total virtuality (blue
solid lines) is the quadrature sum of the two contributions. At RHIC the medium induced
virtuality dominates by 2.5 fm/c while at the LHC the medium term does not dominate until
4.5fm/c. From Ref. [41].

1.5 Current jet probe measurements
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Figure 1.10: 71° R 44 for central Au+Au collisions compared to PQM Model calculations [43,
44] for various values of (4) [45]. The red line corresponds to (§) = 13.2GeV?/fm and is the

best fit to the data.

Jet quenching (i.e., the significant loss of energy for partons traversing the QGP) was
discovered via measurements at RHIC of the suppression of single hadron yields compared
to expectations from p+p collisions [46, 47]. Figure 1.10 [45] shows a comparison between
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the PHENIX 7Y R4 4 data and the Parton Quenching Model (POM) [43, 44] with various
values of 4. This calculation assumes radiative energy loss only in a weakly coupled
picture and with no recoil collisional energy loss with partons or quasiparticles in the
medium. The coupling parameter value § = 13.2GeV?/fm implies a very strong coupling
and violates the weak coupled assumption of the model formalism.

However, as detailed in Ref. [45, 48], other formalisms also assuming weak coupling are
able to achieve an equally good description of the data and with substantially smaller
values of 4. Thus, the single high pr hadron suppression constrains the § value within a
model, but is not able to discriminate between different energy loss mechanisms and for-
malisms for the calculation. Two-hadron correlations measure the correlated fragmentation
between hadrons from within the shower of one parton and also between the hadrons from
opposing scattered partons. These measurements, often quantified in terms of a nuclear
modification I4 4 [49, 50, 51], are a challenge for models to describe simultaneously [52].

Within the jet quenching model WHDG [53], the authors constrain 4 by the PHENIX 7
nuclear modification factor. They find the prediction scaled by the expected increase in the
color charge density created in higher energy LHC collisions when compared to the ALICE
results [54] over-predicts the suppression. This over-prediction based on the assumption of
an unchanging probe-medium coupling strength led to title of Ref. [53]: “The surprisingly
transparent sQGP at the LHC.” They state that “one possibility is the sQGP produced
at the LHC is in fact more transparent than predicted.” Similar conclusions have been
reached by other authors [55, 56, 57]. Recently work has been done to incorporate the
running of the QCD coupling constant [58].

Theoretical developments constrained simultaneously by data from RHIC and the LHC
have been important in discriminating against some models with very large 4 — see Fig-
ure 1.11 from Ref. [59] and theory references therein. Models such as POM and ASW with
very large values of § have been ruled out by the combined constraint. Shown in Fig-
ure 1.12 is a recent compilation of four theoretical calculations with a directly comparable
extraction of 4. Developments on the theory and experimental fronts have significantly
narrowed the range of 4 [1]. This theoretical progress lends strength to the case that the
tools will be available on the same time scale as SPHENIX data to have precision determi-
nations of 4§ and then ask deeper additional questions about the quark-gluon plasma and
its underlying properties.

One observable that has been particularly challenging for energy loss models to reproduce
is the azimuthal anisotropy of ¥ production with respect to the reaction plane. A weak
dependence on the path length in the medium is expected from radiative energy loss. This
translates into a small v, for high pr particles (i.e., only a modest difference in parton
energy loss when going through a short versus long path through the QGP). Results of
n¥ v, are shown in Figure 1.13 [60]. Weakly coupled radiative energy loss models are
compared to the R4 4 (bottom panels) and v, (top panels) data. These models reproduce
the R4 4, but they fall far short of the v, data in both pr ranges measured (6-9 GeV/c and
> 9GeV/c). This large path length dependence is naturally described by strongly coupled
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Figure 1.11: The nuclear modification factor R4 4 as a function of transverse momentum
in A+A collisions at the SPS, RHIC, and LHC. Comparisons with various jet quenching
calculations as detailed in Ref. [59] and references therein are shown. The simultaneous
constraint of RHIC and LHC data is a powerful discriminator.

energy loss models [61, 60]. Note that one can match the v, by using a stronger coupling,
larger 4, but at the expense of over-predicting the average level of suppression.

The total energy loss of the leading parton provides information on one part of the parton-
medium interaction. Key information on the nature of the particles in the medium being
scattered from is contained in how the soft (lower momentum) part of the parton shower
approaches equilibrium in the quark-gluon plasma. This information is accessible through
full jet reconstruction, jet-hadron correlation, and -y-jet correlation observables. Figure 1.14
shows results from the STAR collaboration [63] on correlations between reconstructed
trigger jets and single charged hadrons. The experimental results show the difference in the
away-side momentum of hadrons between Au+Au and p+p events. The extent to which
this value differs from zero is an indication of the strength of the medium modification of
the fragmentation process. The figure also compares these results to calculations obtained
using the YaJEM-DE model (see Section 1.6).

There are other preliminary results on fully reconstructed jets from both STAR [64, 65,
66, 67] and PHENIX experiments [68, 69]. However, these results have not proceeded to
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Figure 1.12: Calculations from four jet quenching frameworks constrained by RHIC and
LHC R4 4 data with results for §/T° as a function of temperature. Details of the calculation
are given in Ref. [1].

publication in part due to limitations in the measurement capabilities. In this proposal we
demonstrate that a comprehensive jet detector (sSPHENIX) with large, uniform acceptance
and high rate capability, combined with the now completed RHIC luminosity upgrade can
perform these measurements to access this key physics.

The measurements of fully reconstructed jets and the particles correlated with the jet (both
inside the jet and outside) are crucial to testing these pictures. Not only does the strong
coupling influence the induced radiation from the hard parton (gluon bremsstrahlung)
and its inelastic collisions with the medium, but it also influences the way soft partons are
transported by the medium outside of the jet cone as they fall into equilibrium with the
medium. Thus, the jet observables combined with correlations get directly at the coupling
of the hard parton to the medium and the parton-parton coupling for the medium partons
themselves.

These jet observables are now available at the LHC. The first results based on reconstructed
jets in heavy ion collisions were the centrality dependent dijet asymmetries measured by
ATLAS [70]. These results, shown in Figure 1.15, indicate a substantial broadening of dijet
asymmetry A; = (E; — Ep)/(E; + E) distribution for increasingly central Pb+Pb colli-
sions and the lack of modification to the dijet azimuthal correlations. The broadening of
the A; distribution points to substantial energy loss for jets and the unmodified azimuthal
distribution shows that the opposing jet A¢ distribution is not broadened as it traverses
the matter. Figure 1.16 shows CMS results [71] quantifying the fraction of dijets which are
balanced (with A; < 0.15) decreases with increasing centrality.
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Figure 1.13: 71° v, (top panels) and R4 (bottom panels) for 6 < pr < 9GeV/c (left panels)

and pr > 9GeV/c (right panels). Calculations from four weakly coupled energy loss models
are shown as well [48, 62]. From Ref. [60].

Direct photon-jet measurements are also a powerful tool to study jet quenching. Unlike
dijet measurements the photon passes through the matter without losing energy, providing
a cleaner handle on the expected jet pr [72]. CMS has results for photons with pr >
60 GeV /c correlated with jets with pr > 30GeV /c [73]. Though with modest statistical
precision, the measurements indicate energy transported outside the R = 0.3 jet cone
through medium interactions.

These and other reconstructed jet measurements have been complementary to one and
two particle measurements at the LHC. Reconstructed jets have significantly extended
the kinematic range for jet quenching studies at the LHC, and quenching effects are
observed up to the highest reconstructed jet energies (> 300 GeV) [74]. They also provide
constraints on the jet modification that are not possible with particle based measurements.
For example, measurements from ATLAS constrain jet fragmentation modification from
vacuum fragmentation to be small [75] and CMS results on jet-hadron correlations have
shown that the lost energy is recovered in low pr particles far from the jet cone [71]. The
lost energy is transported to very large angles and the remaining jet fragments as it would
in the vacuum.

Detector upgrades to PHENIX and STAR at RHIC with micro-vertex detectors will allow
the separate study of ¢ and b quark probes of the medium, as tagged via displaced vertex
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Figure 1.14: The away-side momentum difference, D 4 4, of hadrons between Au+Au and
p-+p events, as measured by STAR [63], showing medium modification of jet fragmentation.

single electrons and reconstructed D and A, hadrons. Similar measurements at the LHC
provide tagging of heavy flavor probes as well. These measurements will also provide
insight on the different energy loss mechanisms, in particular because initial measurements
of non-photonic electrons from RHIC challenge the radiative energy loss models.

It is clear that in addition to extending the RHIC observables to include fully reconstructed
jets and <y-jet correlations, theoretical development work is required for converging to a
coherent ‘standard model” of the medium coupling strength and the nature of the probe-
medium interaction. In the next section, we detail positive steps in this direction.

1.6 Theoretical calculations of jets at RHIC

Motivated in part by the new information provided by LHC jet results and the comparison
of RHIC and LHC single and di-hadron results, the theoretical community is actively
working to understand the detailed probe-medium interactions. The challenge is to under-
stand not only the energy loss of the leading parton, but how the parton shower evolves
in medium and how much of the lost energy is re-distributed in the quark-gluon plasma.
Theoretical calculations attempting to describe the wealth of new data from RHIC and
the LHC have not yet reconciled some of the basic features, with some models including
large energy transfer to the medium as heat (for example [76]) and others with mostly
radiative energy loss (for example [77, 78]). None of the current calculations available
has been confronted with the full set of jet probe observables from RHIC and the LHC.
Measurements of jets at RHIC energies and with jets over a different kinematic range allow
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Figure 1.15: A; (top row) and dijet A¢ distribution from ATLAS [70]. Jets are reconstructed
with the anti-k7 algorithm with R = 0.4. The leading jet has Er > 100 GeV and the associated
jethas Er > 25GeV. Pb+Pb data (solid points), p+p data at 7 TeV (open points) and PYTHIA
embedded in HIJING events and run through the ATLAS Monte Carlo (yellow histograms)
are shown. From Ref. [70].

for specific tests of these varying pictures. In this section, we give a brief review of a subset
of calculations for jet observables at RHIC enabled by the sSPHENIX upgrade and highlight
the sensitivity of these observables to the underlying physics.

Much of this work has been carried out under the auspices of the Department of Energy
Topical Collaboration on Jet and Electromagnetic Tomography of Extreme Phases of Matter
in Heavy-ion Collisions [79]. Workshops held by the JET Collaboration at Duke University
in March 2012 and Wayne State University in August 2013 have been dedicated to the
topic of jet measurements at RHIC. These workshops were attended by theorists as well as
experimentalists from both RHIC and the LHC. This is an active collaborative effort.

In order to overcome specific theoretical hurdles regarding analytic parton energy loss
calculations and to couple these calculations with realistic models of the QGP space-time
evolution, Monte Carlo approaches have been developed (as examples [80, 81, 82, 40, 83,
84]). Here we describe RHIC energy jet probe results from specific theory groups utilizing
different techniques for calculating the jet-medium interactions. These efforts indicate a
strong theoretical interest and the potential constraining power of a comprehensive jet
physics program at RHIC.

Jets provide a very rich spectrum of physics observables, ranging from single jet observ-
ables such as R4 4, to correlations of jets with single particles, to correlations of trigger
jets with other jets in the event. An example of how one can exploit this variety can be
found in recent calculations by Renk [85]. Figure 1.17 is based on calculations using the
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Figure 1.16: Fraction of dijets which have A; < 0.15 in Pb+Pb collisions as a function of
centrality. Jets are reconstructed with an iterative cone algorithm with a radius of 0.5. The
leading jet is required to have an Er > 120GeV and the associated jet has Er > 50 GeV.
Results are shown for Pb+Pb data (circles), PYTHIA (star) and PYTHIA jets embedded into
real data (squares). From Ref. [71].

YaJEM model to illustrate what could be called “jet surface engineering”. Triggers ranging
from single hadrons on up to ideally reconstructed jets are used to form correlations with
another jet in the event. The different triggers demonstrate different degrees of surface
bias in the production point of the “dijet” and this bias itself can be used as a lever to
investigate properties of the medium.

We show results are from Coleman-Smith and collaborators [39, 40] where they extract
jet parton showers from PYTHIA (turning off hadronization) and then embed the partons
into a deconfined quark-gluon plasma, modeled with the VNI parton cascade [87]. For
the calculations shown here, the background medium consists of a cylinder of deconfined
quarks and gluons at a uniform temperature. One excellent feature of the calculation is
that it provides the ability to track each individual parton and thus not only look at the
full time evolution of scattered partons from the shower, but also medium partons that are
kicked up and can contribute particles to the reconstructed jets.

Calculation results for the dijet asymmetry A; = (E; — E3)/(E; + E3) in a QGP with a
temperature appropriate for LHC collisions and fixed as = 0.3 are shown in Figure 1.18
(left panel) [39]. The jets in the calculation are reconstructed with the anti-kt algorithm with

radius parameter R = 0.5 and then smeared by a simulated jet resolution of 100%/+/E, and
with requirements of ET; > 120 GeV and E1, > 50 GeV on the leading and sub-leading jet,
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Figure 1.17: Dijet surface bias in YaJEM for various trigger definitions. As the trigger is
changed from a single hadron (left) to a reconstructed jet with a minimum pr selection on
charged tracks and electromagnetic clusters (middle) to an ideally reconstructed jet (right),
the surface bias in the production point becomes less pronounced. sSPHENIX is capable of all
three types of measurements. (Based on figure taken from [85].)

respectively. The calculated A distributions reproduce the CMS experimental data [71].

In Figure 1.18 (right panel) the calculation is repeated with a medium temperature ap-
propriate for RHIC collisions and with RHIC observable jet energies, ETq; > 20 GeV and
R = 0.2. The calculation is carried out for different coupling strengths as between partons
in the medium themselves and the parton probe and medium partons. The variation in
the value of a5 should be viewed as changing the effective coupling in the many-body
environment of the QGP. It is interesting to note that in the parton cascade BAMPS, the au-
thors find a coupling of a5 ~ 0.6 is required to describe the bulk medium flow [88]. These
results indicate sizable modification to the dijet asymmetry and thus excellent sensitivity
to the effective coupling to the medium at RHIC energies.

Figure 1.19 demonstrates the determination of the effective coupling in the model of
Coleman-Smith. The different curves in the left panel show the distribution of dijet
asymmetry for different values of the effective coupling. The data points are generated for
a particular value of the coupling strength and the uncertainties are representative of those
that sSPHENIX would record. By performing a modified x, comparison of the model to the
data, one obtains the curve in the right panel. From that curve, one is able to determine
the coupling with an uncertainty of about 5%.

Figure 1.20 (left panel) shows the temperature dependence of the dijet asymmetry, now
keeping the coupling a; fixed. One observes a similar sharp drop in the fraction of
energy balanced dijets with increasing temperature to that seen for increasing the effective
coupling, and so combining these observations with constrained hydrodynamic models
and direct photon emission measurements is important. Given that the initial temperatures
of the QGP formed at RHIC and the LHC should be significantly different, this plot shows
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Figure 1.18: (Left) Calculation in VNI parton cascade of dijet A with T = 0.35GeV and a5 =
0.3 compared to the CMS data [39]. (Right) Calculation for RHIC jet energies, E1; > 20GeV,
for a circular geometry of radius 5 fm of A; for different values of s increasing to a5 = 0.6
(red line) [86].
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Figure 1.19: Determination of effective coupling strength in the model of Coleman-Smith.

that if RHIC and LHC measure the A; distribution at the same jet energy there should
still be a sensitivity to the temperature which will lead to an observable difference. Thus,
having overlap in the measured jet energy range at RHIC and the LHC is important, and
this should be available for jet energies of 40-70 GeV. Figure 1.20 (right panel) shows the
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Figure 1.20: Calculations from Coleman-Smith [86] for dijets embedded into the VNI parton
cascade. The dijet asymmetry A; for leading jets with Er > 20 GeV is shown as the medium

temperature is varied (left panel) and as the jet cone radius is varied with fixed temperature
T = 350MeV (right panel).
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Figure 1.21: Calculations from Coleman-Smith [86] showing the jet energy profile as a
function of radius for leading (solid lines) and sub-leading (dashed lines) jets. Leading
jets have Er > 20GeV and sub-leading jets have Er > 5GeV. The medium temperature is
350 MeV.
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Complementary to measuring jets with different radius parameters is to directly examine
the profile of energy both within and outside the reconstructed jet. Results on the predicted
distribution of energy as a function of radius are shown in Figure 1.21. The solid lines are
for the leading jet and for different values of the medium coupling «s. The dashed lines
are for the sub-leading jet. One observes a particularly strong dependence on the coupling
in the radial energy profile of the sub-leading jet, as this parton is typically biased to a
longer path length through the medium. The left panel is including only elastic collisional
interactions and the right panel incorporates additional radiative processes. At coupling
as = 0.4 for example, the fraction of energy in the sub-leading jet within R < 0.2 is 60%
with elastic collisions only and less than 50% when including radiative energy loss. The
experimental extraction of these two contributions is a critical step towards extracting a
microscopic picture of the QGP.
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Figure 1.22: Calculations from Qin et al. [89] of dijet Aj for Er; > 20GeV and E1, > 5GeV
for R = 04 jets (left) and R = 0.2 jets (right). Central (green) and mid-central (blue)
distributions are shown along with the initial PYTHIA distributions (red).

The second results are from Qin and collaborators [90, 89] where they solve a differential
equation that governs the evolution of the radiated gluon distribution as the jet propagates
through the medium. Energy contained inside the jet cone is lost by dissipation through
elastic collisions and by scattering of shower partons to larger angles. Their calculation is
able to describe the LHC measured dijet asymmetry [90]. Figure 1.22 shows the predicted
dijet asymmetry at RHIC for mid-central and central Au+Au collisions for leading jets
Er1 > 20GeV and jet radius parameter R = 0.4 and R = 0.2 in the left and right pan-
els, respectively. Despite the calculation including a rather modest value of 4§ and ¢, the
modification for R = 0.2 is as strong as the result with a5 = 0.6 from Coleman-Smith and
collaborators shown above in the right panel of Figure 1.18. Calculations of y-jet correla-
tions indicate similar level modifications. It is also notable that Qin and collaborators have
calculated the reaction plane dependence of the dijet A distribution and find negligible
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Figure 1.23: Calculations from Qin et al. [89] for jet R4 for central (solid lines) and mid-
central collisions (dashed lines) for R = 0.2 and 0.4 jets.

differences. This observable will be particularly interesting to measure at RHIC since these
calculations have difficultly reproducing the high pr 7t° reaction plane dependence (v,) as
discussed in the previous section.

Figure 1.23 shows results for the inclusive jet R4 4 as a function of pr for jet radius param-
eters R = 0.2 and R = 0.4. It is striking that the modification is almost independent of
pr of the jet and there is very little jet radius dependence. The modest suppression, of
order 20%, in mid-central Au+Au collisions is of great interest as previous measurements
indicate modification of single hadrons and dihadron correlations for this centrality cate-
gory. Measurements of jets with a broad range of radius parameters are easier in the lower
multiplicity mid-central collisions.

The third results are from Young and Schenke and collaborators [82]. These calculations
utilize a jet shower Monte Carlo, referred to as MARTINI [91], and embed the shower on
top of a hydrodynamic space-time background, using the model referred to as MUSIC [92].
Figure 1.24 shows the jet energy dependence of Aj for RHIC energy dijets, Erq > 25GeV
and Er; > 35GeV in the left and right panels, respectively. These results are directly
compared to the calculations from Qin and collaborators and indicate a substantially
different modification for the higher energy dijets. Interestingly, both of these approaches,
when applied at the higher collision energies of the LHC, each reproduce the measured
data quite well [93, 90].
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Figure 1.24: Aj distributions in MARTINI+MUSIC [94] and the model of Qin et al. [89]. (Left)
Comparison of Aj calculations in MARTINI+MUSIC and by Qin et al for Pb+Pb collisions at
2.76 TeV (red line, Qin et al; blue line, MARTINI+MUSIC). Both calculations show a similar
broad A; distribution. (Right) Same as left panel, but for Au+Au collisions at 200 GeV
(with leading jet Er > 35GeV). Here a difference in shape is observed between the two
models with the Qin et al. model developing a peak at small A; while the MARTINI+MUSIC
calculation retains a shape in the calculation at the higher energy.

Our final set of illustrative theory calculations come from Vitev and collaborators [95, 96,
97] where they utilize a Next-to-Leading-Order (NLO) calculation and consider not only
tinal-state inelastic parton interactions in the QGP, but also initial-state cold nuclear matter
effects. Figure 1.25 shows the dijet asymmetry A; for jets with Er; > 30GeV and R = 0.2
(left panels) and ET; > 50GeV and R = 0.6 (right panels). The upper plots are for radiative
energy loss only and the lower plots are including collisional energy loss as well, and then
the different colors are varying the probe-medium coupling by +10%. There is sensitivity
even to these 10% coupling modifications, and for the higher energy jets there is a dramatic
difference predicted from the inclusion of collisional energy loss.

For the inclusive jet suppression, these calculations predict a significant jet radius R
dependence to the modification, in contrast to the result from Qin and collaborators. In
addition, Vitev and collaborators hypothesize a substantial cold nuclear matter effect of
initial state parton energy loss. Because the high energy jets originate from hard scattering
of high Bjorken x partons, a modest energy loss of these partons results in a reduction in
the inclusive jet yields. At RHIC with d+Au running we will make cold nuclear matter
measurements at the same collision energy and determine the strength of these effects as a
baseline to heavy ion measurements.
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Figure 1.25: A distributions calculated by Vitev et al. [95, 96, 97] for two sets of kinematic
cuts and jet cone radii. The upper plots are for radiative energy loss only, and the lower plots
include collisional energy loss as well.

1.7 Measuring jets, dijets, and y-jet correlations at RHIC

Jet and y-jet measurements at RHIC are particularly appealing for the reasons previously
detailed. In order to make these observations, one requires both sufficient rate and
acceptance for jets, dijets, and y-jet events and a detector with large and uniform acceptance
to measure them. The performance of the proposed sPHENIX detector is described in later
chapters. Here we highlight the large rate of such events available at RHIC energies.

The inclusive jet yield within |#| < 1.0 in 0-20% central Au+Au collisions at 200 GeV
has been calculated for p+p collisions by Vogelsang in a Next-to-Leading-Order (NLO)
perturbative QCD formalism [98] and then scaled up by the expected number of binary
collisions, as shown in Figure 1.26. Also shown are calculation results for 7t° and direct and
fragmentation photons. The bands correspond to the renormalization scale uncertainty in
the calculation (i.e., i, /2, 2p).

The completion of the stochastic cooling upgrade to the RHIC accelerator [99] has been in-
corporated into the RHIC beam projections [100]. Utilizing these numbers and accounting
for accelerator and experiment uptime and the fraction of collisions within |z| < 10 cm,
the nominal full acceptance range for the detector, the SPHENIX detector can sample 50
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Figure 1.26: Jet, photon and 7t¥ rates with || < 1.0 from NLO pQCD [98] calculations scaled
to Au+Au central collisions for \/syny = 200 GeV . The scale uncertainties on the pQCD
calculations are shown as additional lines. Ten billion Au+Au central collisions correspond
to one count at 1071 at the bottom of the y-axis range. A nominal 20 week RHIC run
corresponds to 10 billion central Au-+Au events.

billion Au+Au minimum bias collisions in a one-year 20 week run. Note that the PHENIX
experiment has a nearly dead-timeless high-speed data acquisition and trigger system that
has already sampled tens of billions of Au+Au minimum bias collisions, and maintaining
this high rate performance with the additional sSPHENIX components is an essential design
feature.

Figure 1.26 shows the counts per event with pr larger than the value on the x-axis for the
most central 20% Au+Au collisions at /syn = 200 GeV. With 10 billion events per RHIC
year for this centrality selection, this translates into jet samples from 20-70 GeV and direct
photon statistics out to 40 GeV. The statistical sample of jets and direct photons measurable
in one year with sSPHENIX is shown in Table 1.1. It is notable that within the acceptance of
the sSPHENIX detector, over 80% of the inclusive jets will also be accepted dijet events.
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In addition, the right panel of Figure 1.26 shows the same quantity, but for the most central
20% Au+Au collisions at a lower collision energy of /syny = 100 GeV. The projected
luminosity delivered by the collider is lower than in the 200 GeV case, of course, but with
1.7 billion events per RHIC year for this centrality selection, one obtains a substantial
sample of jets reaching out to 35 GeV.

Shown in Table 1.1 are the jet and direct photon samples in p+p and d+Au collisions at
VvSnN = 200 GeV. The number of jets expected in the three systems are similar, meaning
that good control measurements in p+p and d+Au events will be available on the same
timescales to quantify baseline expectations and initial state effects. Additionally, new
geometries can be explored with precision utilizing asymmetric heavy ion reactions, such
as Cu+Au, and non-spherical geometries with U+U beams, now available with the RHIC
EBIS upgrade [101]. Control measurements with different geometries with high statistics
are particularly interesting since current theoretical calculations are challenged by the path
length dependence of the energy lost by the parton probe.

Au+Au p+p d+Au
(central 20%)
20 Cey 107 jets 10 jets 107 jets
> e
10* photons 103 photons  10* photons
20Gey 10° jets 10° jets 10° jets
> S
10° photons 102 photons 103 photons
> 40GeV  10° jets 10% jets 10° jets
> 50GeV  10*jets 10 jets 10% jets

Table 1.1: Table of jet rates for different systems. Each column shows the number of jets
or direct photons that would be measured within || < 1 in 20 week running periods at a
collision energy of 200 GeV.

Measurement of direct photons requires them to be separated from the other sources of
inclusive photons, largely those from ¥ and 7 meson decay. The left panel of Figure 1.27
shows the direct photon and 7° spectra as a function of transverse momentum for both
Vs = 200GeV and 2.76 TeV p+p collisions. The right panels show the /7 ratio as a
function of pr for these energies with comparison PHENIX measurements at RHIC. At the
LHC, the ratio remains below 10% for pr < 50 GeV while at RHIC the ratio rises sharply
and exceeds one at pr ~ 30GeV/c. In heavy ion collisions the ratio is further enhanced
because the 71¥s are significantly suppressed. Taking the suppression into account, the
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7/ ° ratio at RHIC exceeds one for pr > 15GeV/c. The large signal to background means
that it will be possible to measure direct photons with the sSPHENIX calorimeter alone,
even before applying isolation cuts. Beyond measurements of inclusive direct photons,
this enables measurements of y-jet correlations and -y-hadron correlations.
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Figure 1.27: NLO pQCD calculations of direct photons and 7¥ for RHIC and LHC. The
plot on the left shows the counts per event in Au+Au or Pb+Pb collisions (including the
measured R 44 suppression factor for 71°). The upper (lower) panel on the right shows the
direct 7y to 7¥ ratio in p+p (Au+Au or Pb+Pb) collisions, in comparison with measurements
from the PHENIX experiment at RHIC [102, 103].

1.8 Summary

Detailed information about the quark-gluon plasma properties, dynamics, time evolution,
and structure at 1-2 T, is accessible at RHIC through the extensive set of reconstructed
jet measurements proposed here. The theoretical bridgework needed to connect these
measurements to the interesting and unknown medium characteristics of deconfined color
charges is under active construction by many theorists. Combining this work with the
flexible and high luminosity RHIC accelerator facility can produce new discoveries in
heavy ion collisions with an appropriate set of baseline measurements provided a suitable
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detector apparatus is constructed. Our proposed design for a jet detector at RHIC that is
best able to make use of these opportunities is given in the following chapter.
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Chapter 2

sPHENIX Detector Requirements

In order to perform the precision jet measurements outlined in Chapter 1, there is a set of
detector requirements that must be met. In addition, as outlined in the Executive Summary,
this sSPHENIX upgrade serves as the foundation for a future upgrade to a world class
detector for the Electron-Ion Collider (referred to as ePHENIX), and those requirements
must also be met. In this Chapter we detail the basic SPHENIX detector design and the
requirements on the detector performance. Details of the specific detector and GEANT4
simulations are given in Chapter 3.

2.1 Detector Overview

Based on the physics requirements, detector constraints, and cost considerations, a baseline
conceptual design has evolved. Here we describe the basic features and the key design
parameters for the detector. The basic components are:

Magnetic Solenoid The solenoid built for the BaBar experiment at SLAC. This coil became
available after the termination of the BaBar program, and ownership of the coil and
related equipment has been transferred to Brookhaven. The cryostat has an inner
radius of 140 cm and is 33 cm thick, and can produce a central field of 1.5 T. The
radius allows sufficient space for high resolution tracking and preshower detectors
(as detailed in Chapter 6) and particle identification detectors for a future ePHENIX
(as detailed in Appendix A).

Electromagnetic Calorimeter A compact tungsten-scintillator sampling calorimeter in-
side the cryostat read out with silicon photo-multipliers. The small Moliere radius
and short radiation length allows for a highly segmented calorimeter (Ay x A¢ ~
0.024 x 0.024) at a radius of about 100 cm from the beam axis, which results in about
25,000 electronic channels.
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Hadronic Calorimeter An iron-scintillator sampling calorimeter outside the cryostat. In

order to minimize the mass and bulk, the calorimeter doubles as the flux return for
the solenoid. A thickness of 5Aiy; combined with the electromagnetic calorimeter
in front is sufficient to fully contain the energies of interest, and provide more than
enough iron for the full flux return. The hadronic calorimeter is divided into two
longitudinal compartments consisting of plates running parallel to the beam axis
with scintillator plates interleaved, then read out via embedded wavelength shifting
tiber. The hadronic calorimeter will use the same silicon photomultiplier sensors as
the electromagnetic calorimeter and similar electronics. The coarser segmentation
(A x A¢ ~ 0.1 x 0.1) results in an electronic channel count of about 10% that of the
electromagnetic calorimeter.

Readout electronics Bias voltage and analog signal processing for silicon photo-

multipliers in physical proximity to the sensors, with a number of options for the
digitization and buffering using either commercial components or integrated circuits
adapted from existing experimental projects.

OUTER HCAL

INNER HCAL

SOLENOID
EMCAL

Figure 2.1: Cutway view of the detector.

The detector concept that has resulted from these considerations is shown in Figure 2.1
and Figure 2.2 and will be described in detail in Chapter 3. Taking advantage of both
technological developments in the era of RHIC and LHC experiments, and building on
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Detector Overview

Table 2.1: Summary of detector requirements, showing the capabilities needed for various
physics observables, and whether those capabilities are part of the current proposal or are
possible additions to the detector through other means. Those items labeled “sPHENIX MIE”
are the detector upgrades in this proposal. Those items labeled “sPHENIX NDF” (non-DOE
funding) are detailed in Chapter 6.

Physics Detectors Requirements
EMCal 0/E < 20%/VE
c/E <100%/+vE
Full jet reconstruction HCal / /VE sPHENIX MIE
An x Ap ~ 0.1 x 0.1
uniform within || < 1
c/E ~15%/+E sPHENIX MIE
Direct 7, pr > 10GeV/c EMCal / /VE
An x A¢p ~ 0.03 x 0.03
VTX 4 layers . Current PHENIX
Jet-hadron tracking pr < 4GeV/c
Solenoidal field sPHENIX MIE
. Jets as above EMCal and HCal sPHENIX MIE
High-z FFs
Tracking Ap/p~02%-p sPHENIX NDF
Jets as above EMCal and HCal sPHENIX MIE
Tagged HF jets DCA capability Current PHENIX VIX Current PHENIX
Tracking Ap/p ~02%-p sPHENIX NDF
Heavy quarkonia Electron ID
E ~15%/+E
EMCal 7/ /VE SPHENIX MIE
An x A¢p ~ 0.03 x 0.03
) e/ 7t rejection sPHENIX NDF
Separation of Y states Preshower
fine segmentation
Tracking B =1.5T sPHENIX MIE
Ap/p ~02%-p sPHENIX NDF
E ~15%/VE PHENIX MIE
EMCal 7/ /VE °
0 An x A¢p ~ 0.03 x 0.03
t’ to pr =40GeV/c
27 separation sPHENIX NDF
Preshower

fine segmentation
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Figure 2.2: View of the sSPHENIX detector in the collision hall with conceptual design for
structural support.

equipment already in place in PHENIX, the detector is both compact, which plays a large
role in keeping costs under control, and much larger in solid angle than current PHENIX
experiment. There are approximately 27,000 electronic channels for the two calorimeters
combined.

The physics requirements that drive the design are summarized in Table 2.1 and will be
discussed in the following section.

2.2 Design Goals

2.2.1 Coverage

The total acceptance of the detector is determined by the requirement of high statistics jet
measurements and the need to fully contain both single jets and dijets. To fully contain
hadronic showers in the detector requires both large solid angle coverage and a calorimeter
deep enough to fully absorb the energy of hadrons up to 70 GeV.

The PYTHIA event generator has been used to generate a sample of p+p at 200 GeV events
which can be used to demonstrate the pseudorapidity distribution of jets. The left panel
in Figure 2.3 shows the pseudorapidity distribution of jets with Et above 20, 30, and
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Figure 2.3: (Left) Pseudorapidity distribution of PYTHIA jets reconstructed with the FASTJET
anti-kr and R=0.2 for different transverse energy selections. (Right) The fraction of PYTHIA
events where the leading jet is accepted into a given pseudorapidity range where the opposite
side jet is also within the acceptance. Note that the current PHENIX acceptance of |1| < 0.35
corresponds to a fraction below 30%.
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Figure 2.4: Acceptance increase for various processes (as modeled using the PYTHIA event
generator) for the proposed sPHENIX barrel detector compared with the current PHENIX
central arm spectrometers.
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40 GeV. The right panel in Figure 2.3 shows the fraction of events where a trigger jet with
Et greater than a given value within a pseudorapidity range has an away side jet with
Er > 5GeV accepted within the same coverage. In order to efficiently capture the away
side jet, the detector should cover || < 1, and in order to fully contain hadronic showers
within this fiducial volume, the calorimetry should cover slightly more than that. Given
the segmentation to be discussed below, the calorimeters are required to cover || < 1.1.

It should be noted that reduced acceptance for the away-side jet relative to the trigger
suffers not only a reduction in statistics for the dijet asymmetry and -jet measurements
but also results in a higher contribution of low energy fake jets (upward fluctuations in the
background) in those events where the away side jet is out of the acceptance. For the latter
effect, the key is that both jet axes are contained within the acceptance, and then events
can be rejected where the jets are at the edge of the detector and might have partial energy
capture.

Compared to the current PHENIX acceptance (the central arms cover || < 0.35 and
A¢ = ), full azimuthal coverage with || < 1.0 results in a very substantial increase
in the acceptance of single jets and an even larger increase in the acceptance of dijets as
shown in Figure 2.4. Also shown in Figure 2.4 is the substantial increase in acceptance for
other observables including heavy quarkonia states. Thus, the large acceptance and high
rate detector with incremental additional upgrades enables a much broader program as
detailed in Chapter 6.

2.2.2 Segmentation

Jets are reconstructed from the four-vectors of the particles or measured energies in
the event via different algorithms (as described in Chapter 4), and with a typical size
R = /A¢? + Ay?. In order to reconstruct jets down to radius parameters of R = 0.2
a segmentation in the hadronic calorimeter of Ay X A¢ = 0.1 x 0.1 is required. The
electromagnetic calorimeter segmentation should be finer as driven by the measurement of
direct photons for y-jet correlation observables. The compact electromagnetic calorimeter
design being considered for sSPHENIX has a Moliere radius of ~ 15mm, and with a
calorimeter at a radius of about 100 cm, this leads to an optimal segmentation of Ay x A¢ =
0.024 x 0.024 in the electromagnetic section.

2.2.3 Energy Resolution

The requirements on the jet energy resolution are driven by considerations of the ability to
reconstruct the inclusive jet spectra and dijet asymmetries and the fluctuations on the fake
jet background (as detailed in Chapter 4. The total jet energy resolution is typically driven
by the hadronic calorimeter resolution and many other effects including the bending of
charged particles bending in the magnetic field out of the jet radius. Expectations of jet
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resolutions approximately 1.2 times worse than the hadronic calorimeter resolution alone
are typical (see a more detailed discussion in Chapter 4).

In a central Au+Au event, the average energy within a jet cone of radius R = 0.2 (R =
0.4) is approximately 10 GeV (40 GeV) resulting in an typical RMS fluctuation of 3 GeV
(6 GeV). This sets the scale for the required reconstructed jet energy resolution, as a much
better resolution would be dominated by the underlying event fluctuations regardless. A
measurement of the jet energy for E = 20 GeV with 0 = 100% x VE = 4.4GeV gives
a comparable contribution to the underlying event fluctuation. A full study of the jet
energy resolution with a GEANT4 simulation of the detector configuration is required and
is presented in Chapter 4.

Different considerations set the scale of the energy resolution requirement for the EMCal.
The jet physics requirement is easily met by any EMCal design. For the direct y-jet
physics, the photon energies being considered are E, > 10GeV where even a modest
og/E = 20%/+/E represents only a blurring of 0.6 GeV. In Au+Au central events, the
typical energy in a 3 x 3 tower array is approximately 400 MeV. These values represent a
negligible performance degradation for these rather clean photon showers even in central
Au-+Au events.

The energy resolution is driven by physics enabled by the non-DOE funded upgrades
to the sSPHENIX detector, described in Chapter 6. These incorporate improved electron
identification by adding a preshower detector to the energy in the EMCal matching with
the momentum from charged particle tracking. These set a more stringent requirement on
the energy resolution of the EMCal, and the trade-off determines how low in pt electrons
can be identified without requiring additional detectors for electron identification. As
detailed in Chapter 6, for the quarkonia measurements in the Upsilon family, an EMCal
resolution of order 15%/+/E is required, along with the preshower for electron-pion
separation. A similar EMCal resolution requirement must be met in a future ePHENIX as
described in Appendix A

Most of these physics measurements require complete coverage over a large range of
rapidity and azimuthal angle (Ay < 1.1 and A¢ = 27) with good uniformity and minimal
dead area. The calorimeter should be projective (at least approximately) in both 77 and ¢.
For a compact detector design there is a trade-off in terms of thickness of the calorimeter
and Moliere radius versus the sampling fraction and, therefore, the energy resolution of
the device. Further optimization if these effects will be required as we work towards a
final design.

2.2.4 Triggering

The jet energy should be available at the Level-1 trigger as a standard part of the PHENIX
dead-timeless Data Acquisition and Trigger system. This triggering ability is important
as one requires high statistics measurements in proton-proton, proton-nucleus, light
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nucleus-light nucleus, and heavy nucleus-heavy nucleus collisions with a wide range of
luminosities. It is important to have combined EMCal and HCal information available so
as to avoid a specific bias on the triggered jet sample.

2.2.5 Tracking

Tracking capabilities are critical for the sSPHENIX physics program. The sSPHENIX detector
with a reconfiguration of the existing PHENIX barrel silicon vertex detector will be able to
track charged hadrons up to pr ~ 5GeV /¢, which is important for understanding how
the soft part of parton showers is modified and potentially completely equilibrated in
the quark-gluon plasma. A number of physics measurements are enabled by additional
tracking layers which are described in more detail in Chapter 6, and are expected to be
funded through non-DOE sources.
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Chapter 3

sPHENIX Detector Concept

Figure 3.1: An engineering drawing of sSPHENIX, showing the superconducting solenoid
containing the electromagnetic calorimeter and surrounded by the hadronic calorimeter, with
a model of the associated support structure, as it would sit in the PHENIX IR.

In this Chapter we detail the SPHENIX detector design including the magnetic solenoid,
electromagnetic and hadronic calorimeters, and readout electronics. Detector performance
specifications are checked using a full GEANT4 simulation of the detector. Full physics
performance measures are detailed in Chapter 4.

The sPHENIX detector concept takes advantage of technological developments to enable
a compact design with excellent performance. A tungsten-scintillator electromagnetic
calorimeter read out with silicon photomultipliers (S5iPMs) or avalanche photodiodes
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(APDs) allows for a physically thin device which can operate in a magnetic field, without
the bulk of photomultiplier tubes and the need for high voltage distribution. The smaller
electromagnetic calorimeter also allows the hadronic calorimeter to be less massive, and
the use of solid-state sensors for the hadronic calorimeter allows for nearly identical
electronic readout for the two major systems. A superconducting magnet coupled with
high resolution tracking detectors provides good momentum resolution inside the solenoid.
The detector has been designed from the beginning to minimize the number of distinct
parts to be simpler to manufacture and assemble. The use of components insensitive
to magnetic fields enables the hadronic calorimeter to double as the flux return for the
solenoid, reducing both mass and cost. Adapting existing electronic designs for the
readout allows for reduced development cost and risk, and leverages a decade and a half
of experience at PHENIX. We now detail each subsystem in the following Sections.

3.1 Magnet and Tracking

The magnet and tracking system should ultimately be capable of order 1% momentum
resolution at 10 GeV/c, cover the full 277 in azimuth and |77| < 1.1. The BaBar solenoid is a
good match to the requirements, became available in late 2012, and measures were taken
to transfer ownership of the coil and related equipment to Brookhaven in early 2013.

Central field in BaBar 15T
Cryostat inner radius 140 cm
Cryostat outer radius 173 cm
Cryostat length 385 cm
Mean radius of windings 153 cm
Coil length 351 cm
Material thickness at normal incidence ~ 126 mm Al
Operating current 4596 A
Manufacturer Ansaldo Energia (now ASG)

Table 3.1: Characteristics of the BaBar solenoid and cryostat.

The main features of the BaBar solenoid are shown in Table 3.1. The solenoid fits well into
the mechanical infrastructure of the existing PHENIX interaction region (IR). The RHIC
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beamline is 444.8 cm above the tracks that are used to move detectors into the collision
hall and 523.2 cm above the floor, and we propose to keep the track system in place for
maneuvering detectors in and out. The hadron calorimeter which serves as the flux return
for the magnet is 100 cm or less thick, so the outer radius of the hadronic calorimeter
is about 150 cm above the tracks which should provide adequate clearance for support.
Instrumentation in the forward and backward direction is not part of this proposal but the
space available is approximately the same as the present muon tracker systems.

The BaBar magnet and related equipment, including the power supply, the quench protec-
tion electronics, the dump resistor, rigging fixtures, and some cryogenic components have
been removed from the decommisioned BaBar detector and are in staging areas at SLAC.
The coil in its transfer frame have been surveyed for residual radiation and have been
found to be acceptable to move to Brookhaven. The BaBar solenoid has been prepared for

Figure 3.2: The BaBar solenoid in its transfer frame for shipping at SLAC in May, 2013.

shipping, and is shown in its transfer frame in Figure 3.2.

3.1.1  Magnetic Field Calculations

Magnetic field calculations of the solenoid coil and a model of the return steel were carried
out with OPERA. A field map is shown in Figure 3.3. Tools are under development for
complete three dimensional field calculations and calculations of the forces on the detector
and flux return.
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Figure 3.3: Calculation of the magnetic field from the solenoid with the flux returned by the
hadronic calorimeter.

3.2 The Electromagnetic Calorimeter

The concept for the SPHENIX electromagnetic calorimeter follows from the physics re-
quirements outlined earlier in this proposal. These requirements lead to a calorimeter
design that is compact (i.e. has a small Moliere radius and short radiation length), has a
high degree of segmentation (0.024 x 0.024 in 77 and ¢), has small dead area, and can be
built at a reasonable cost. Since the calorimeter will be located inside the solenoid cryostat,
it will also have to operate in a high magnetic field. A number of alternative geometries
for absorber plates arranged approximately radially have been investigated and work
continues to optimize and simplify the design and manufacture of the calorimeter.

One design which has been explored extensively is the so-called optical accordion design,
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which is a descendant of the design of the ATLAS lead-liquid argon calorimeter [104], but
uses tungsten as the absorber material and scintillating fibers as the active medium. This
has the advantage of being very compact, as described below, and being able to be read out
with silicon photomultipliers (S5iPM’s), which provide high gain, similar to conventional
phototubes, but can work inside the magnetic field; avalanche photodiodes (APD’s) offer
many of the same advantages. It is similar to other scintillating fiber calorimeters which
have been built using lead as an absorber [105]. Recently, very good resolution (~12%/+/E)
has been obtained with a fiber calorimeter using tungsten as an absorber [106].

The EMCal optical accordion consists of alternating layers of thin tungsten sheets glued
onto cast composite layers consisting of scintillating fibers embedded in a matrix of
tungsten powder and epoxy. The basic structure is shown in Figure 3.4. The undulations,
characteristic of the accordion design, provide a more uniform response for particles
incident at various positions and angles by preventing channeling of particles through the
calorimeter—something which could occur if the plates were flat and a particle traversed
the calorimeter interacting only with scintillator. This design can be made projective in the
azimuthal direction by having the thickness of the layers increase as a function of radius.
It is not possible to vary the fiber thickness, so one must increase the absorber thickness,
either by increasing the thickness of the tungsten plates, or by increasing the thickness of
the tungsten-epoxy layer.

imm Tungsten Bent Plate-

1mm SCINTILATOR—

1mm Tungsten Bent Plate—~ RS50.0 mm TYP.

ACCORDION SANDWICH

.08 mm]
L
.

DETAIL B DETAIL A
SCALE20: 1 SCALE20: 1

Figure 3.4: Optical accordion “sandwich” consisting of two tungsten plates in an accordion
shape (1 mm thickness) and a layer of 1 mm scintillating fibers with tungsten powder and
epoxy filling the gaps. The characteristic accordion-like undulations prevent channeling of
particles through the scintillator layers alone.

Until recently, it had only been possible to achieve an accordion shape for absorbers made
of highly malleable materials such as lead. New technology now makes it possible to
achieve this with tungsten, which results in a higher density, and hence more compact,
calorimeter. We have been working with a company, Tungsten Heavy Powder [107], that
fabricates a wide variety of tungsten components, to produce a practical, cost effective
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Figure 3.5: Samples of scintillating fiber embedded in a formed tungsten epoxy mixture.
Produced by Tungsten Heavy Powder.
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Figure 3.6: Cross section of the accordion calorimeter in the plane normal to the beam
direction, showing how the single layers seen in Figure 3.4 are stacked. Scintillating fibers
are embedded in tapered and undulating layers of tungsten and epoxy mixture and are
approximately projective towards the interaction region, which has an extent of £ 30 cm
along the beam direction.

design for the calorimeter that would allow it to be manufactured in private industry.
A number of possible techniques for fabricating accordion plates have been cosidered
by Tungsten Heavy Powder in an attempt to produce plates which meet the required
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Figure 3.8: View of the calorimeter along the beam direction showing approximately projec-
tive towers back to the interaction region, which has an extent of ~ £ 30 cm.

tolerances. One possibility is to use thin, uniform thickness tungsten plates and scintillating
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tibers with a tungsten powder epoxy polymer to fill the gaps. In this design, shown in
Figure 3.4, two uniform thickness tungsten plates with a thickness ~ 1 mm would be made
into the accordion shape and cast together with a layer of scintillating fibers and a mixture
of tungsten powder and epoxy in a mold to form a “sandwich” with the desired shape.
Figure 3.5 shows an example of scintillating fibers embedded into an epoxy layer with
tungsten powder and formed into an accordion shape. Six layers of these sandwiches
would be glued together to form a tower module measuring ~ 2.1 cm in the ¢ dimension
and half the length of the calorimeter (~ 1.39 m) along the beam direction, as shown in
Figure 3.6. Four tower modules would then be combined into sections weighing about
180 kg each and arranged azimuthally to form a ring, as shown in Figure 3.7. Figure 3.8
shows a cross sectional view of the calorimeter along the beam direction. The fibers are
arranged in a radial pattern projective to the vertex. The fibers are closely spaced together
at the front of the calorimeter and flare out slightly towards the back in order to make the
device projective. The fibers are grouped at the back into individual towers (corresponding
to the 7 and ¢ segmentation as discussed below in the readout section) and coupled to
a light mixer box that randomizes and collects the light from all of the fibers of a given
tower onto a single SiPM.

3.2.1 Segmentation and readout

The segmentation of the calorimeter is determined by a number of different requirements.
One primary factor is the occupancy of the individual readout towers in heavy ion colli-
sions, which determines the ability to resolve neighboring showers and to measure the
energy in the underlying event. In addition, the degree of segmentation also determines
the ability to measure the transverse shower shape, which is used in separating electrons
from hadrons (e/ 7t rejection). All of these capabilities could be improved with the addition
of a finely segmented preshower detector (as detailed in Chapter 6), but we believe the
segmentation chosen for the baseline detector will provide the capability to perform the
physics program of this proposal.

The calorimeter will be divided into individual towers corresponding to a segmentation in
n and ¢ of approximately 0.024 x 0.024 and would result in about 25,000 readout channels
(256 in ¢ x 96 in 7). The fibers from the back of the calorimeter will be grouped into
towers measuring ~ 2x2 cm where the light from ~ 125 fibers will be collected and
randomized using a small light mixer box and read out with a single SiPM. It has not yet
been decided how this light collection and mixing will be accomplished, but a number
of options are being explored. These include a small reflecting and diffusing cavity, or
possibly a wavelength shifting block. We will keep the thickness of the mixer as thin as
possible in order to minimize the radial space required by the mixer, SiPM and readout
electronics.

The light yield resulting from the mixer configuration is of primary importance in de-
termining the photostatistics for the readout. Fortunately, with an energy resolution of
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15%/+/E, the requirement on the light yield is not very severe. We have made a number of
measurements with scintillating fibers that have been embedded into various mixtures of
tungsten powder and epoxy to determine their light yield, and have obtained light yields
~ 100 photoelectrons/MeV of energy deposit in the scintillator with a SiPM reading out
the fibers directly With the thicknesses of the tungsten plates, scintillator and tungsten
powder epoxy in the current design, the sampling fraction for the energy deposited in the
scintillator is ~ 4%, so this corresponds to ~ 4000 photoelectrons/GeV of energy deposit in
the calorimeter, which would have a negligible effect on the calorimeter energy resolution.
This number will be reduced by the light collection efficiency of the mixer, but with this
high initial light yield, it should be possible to maintain sufficient photostatistics so as not
to affect the overall energy resolution of the calorimeter.

The PHENIX collaboration has been working with the company Tungsten Heavy Pow-
der [107] on the design and fabrication of actual calorimeter components. Tungsten
Heavy Powder has also recently received a Phase I Small Business Innovation Research
(SBIR) grant to study and develop materials and components for compact tungsten based
calorimeters for nuclear physics applications. Members of the sSPHENIX group, as part of
a broader collaboration, have submitted a “Joint Proposal to Develop Calorimeters for the
Electron Ion Collider” for EIC research and development funds. Thus, this technology is
an area of very active work and for which test beam results for the sSPHENIX type design
should be available soon.

3.3 The Hadronic Calorimeter

The hadronic calorimeter is a key element of SPHENIX and many of the overall perfor-
mance requirements are directly tied to performance requirements of the HCal itself. The
focus on measuring jets and dijets in sSPHENIX leads to a requirement on the energy
resolution of the calorimeter system as a whole—the particular requirement on the HCal
is that it have an energy resolution better than ¢ /E = 100%/+/E. The jet measurement
requirements also lead to a transverse segmentation requirement of Ay x A¢ ~ 0.1 x 0.1
over a rapidity range of || < 1.1 with minimal dead area.

The combination of the EMCal and the HCal needs to be at least ~ 6\, deep—sulfficient
to absorb ~ 97% of the energy of impinging hadrons with momenta below 50 GeV/c,
as shown in Figure 3.9. The electromagnetic calorimeter is ~ 1Ajy thick, so an iron-
scintillator hadronic calorimeter should be ~ 5A;,; deep. The thickness of the HCal is
driven by physics needs, but these needs dictate a device of sufficient thickness that, with
careful design, the hadronic calorimeter can also serve as the return yoke for the solenoid.

The hadronic calorimeter as shown in Figure 3.10 surrounds the cryostat with an active
volume which extends from a radius of 185 cm to 285 cm and is segmented longitudinally
(i.e., along a radius vector) into two compartments of 1.5 and 3.5 interaction lengths deep
(at normal incidence). The inner and outer sections share the total energy of a shower
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Figure 3.9: Average energy fraction contained in a block of iron with infinite transverse
dimensions, as a function of the thickness of the block. Figure adapted from Ref. [108].
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Figure 3.10: Cross section of sSPHENIX. The hadronic calorimeter surrounds the solenoid
cryostat.

Both the inner and outer longitudinal segments of the calorimeter are constructed of
tapered absorber plates, creating a finned structure, with each fin oriented at an angle of
+10° with respect to a radius vector perpendicular to the beam axis. There are 256 fins in
each of the inner and outer segments. The fins in the inner and outer segments are radially
tilted in opposite directions resulting in a 20 degree angle with respect to each other. They
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Figure 3.11: Scintillating tiles in the sampling gap of SPHENIX hadronic calorimeter, showing
the transverse segmentation into element 0.1 units of pseudorapidity wide.

are also staggered by half a fin thickness. The gaps between the iron plates are 8 mm wide
and contain individually wrapped 7 mm thick scintillating tiles with a diffuse reflective
coating and embedded wavelength shifting fibers following a serpentine path. The slight
tilt and the azimuthal staggering of steel fins and scintillating tiles prevents particles
from traversing the depth of the calorimeter without encountering the steel absorber. The
benefits of two longitudinal segments include a further reduction in the channeling of
particles in the scintillator, shorter scintillators with embedded fibers for collecting the
light, and shower depth information.

With plates oriented as described, particles striking the calorimeter at normal incidence
will, on average, cross 22.5 cm of steel in the inner and 57.5 cm of steel in the outer sections
resulting in total probability for the punch through of particles with momenta above
~ 2GeV/c of only 1% as confirmed with GEANT4 simulations. This punch through
probability varies from 0.93-1.07 depending on the incident angle across the sampling cell.
This design has a very small number of distinct components which is designed to make it
simple to fabricate, assemble, and to model.

Within each gap, there are 22 separate scintillator tiles of 11 different shapes, corresponding
to a detector segmentation in pseudorapidity of Ay ~ 0.1 (see Figure 3.11). Azimuthally,
the hadronic calorimeter is divided into 64 wedges (A¢ =~ 0.1). Each wedge is composed of
four sampling cells (steel plate and scintillating tile) with the scintillating tile edges pointing
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towards the origin. The 22 pseudorapidity slices result in towers about 10 cm x10 cm in
size at the inner surface of the calorimeter. The total channel count in the calorimeter is
1408 x 2.

The light from the scintillating tiles between the steel fins is collected using wavelength
shifting fibers laid along a serpentine path as shown in Figure 3.12. This arrangement
provides relatively uniform light collection efficiency over the whole tile. We have consid-
ered two fiber manufacturers: (1) Saint-Gobain (formerly BICRON), product brand name
BCF91A [109] and (2) Kuraray, product name Y11 [110]. Both vendors offer single and
double clad fibers.

The calorimeter performance is determined by the sampling fraction and the light collection
and readout efficiency. The readout contributes mostly to the stochastic term in calorimeter
resolution through Poisson fluctuations in the number of photoelectrons on the input
to the analog signal processing. Factors contributing to those fluctuations are luminous
properties of the scintillator, efficiency of the light collection and transmission, and the
photon detection efficiency of the photon detector.

| ——Fiberoptic cavities on opposite sides

of scintillator plate. Bend radii minimum
is 27.5 mm. Cavities are aranged such
that in plan view they appear to cross
at near 90 deg angle. Fiber cavities

are a minimum of 10 mm from each
side wall. Fiber serpentine passes are a
minimum of 20 mm from each adjacent
pass.

296.73

6.004’”
141.98—

Figure 3.12: Grooved scintillating tiles for inner HCal section, showing the serpentine
pathway the fiber will follow and the uniform thickness of the tiles.

The scintillating tiles are based on the design of scintillators for the T2K experiment by the
INR group (Troitzk, Russia) who designed and built 875 mm long scintillation tiles with
a serpentine wavelength shifting fiber readout [111]. The T2K tiles are injection molded
polystyrene tiles of a geometry similar to those envisioned for sPHENIX, read out with a
single serpentine fiber, with each fiber viewed by an SiPM on each end. The measured light
yield value was 12 to 20 photoelectrons/MIP at 20°C [112]. With 12 p.e./MIP measured by
T2K for 7 mm thick tiles (deposited energy ~ 1.4 MeV) and an average sampling fraction
of 4% estimated for the sSPHENIX HCal we expect the light yield from the HCal to be about
400 p.e./GeV. A 40 GeV hadron will share its energy nearly equally between the inner and
outer HCal segments so the upper limit of the dynamic range of the HCal can be safely
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Figure 3.13: Top: Light yield (photoelectrons) profile for the T2K scintillation tile, showing
the degree of uniformity achieved using a serpentine fiber layout [112]. Bottom: First

measurement of uniformity of light collection in an sSPHENIX prototype tile measured with a
source at the University of Colorado.

set to ~ 30 GeV which corresponds to a yield of 12000 p.e. on the SiPM. To avoid signal
saturation and ensure uniform light collection, care will be required to both calibrate the
light yield (possibly requiring some attenuation) and randomize it.

The uniformity of light collection as measured by T2K using the serpentine fiber arrange-
ment can be judged from Figure 3.13 (data from Ref. [112]). The largest drop in the light
yield is along the tile edges and in the corners farthest from the fibers.

We note that this design is optimized for simplicity of manufacturing, good light yield,
and to serve as the flux return for the magnet. As such, it has a manifestly non-uniform
sampling fraction as a function of depth and is not highly compensated. However, the
performance specifications are quite different from particle physics hadronic calorimeters,
particularly with a limited energy measurement range (0-70 GeV). GEANT4 simulations
described in the next section indicate a performance better than the physics requirements,
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and test beam results are necessary to validate the design.

3.4 Simulations

We have employed the GEANT4 simulation toolkit [113] for our full detector simulations. It
provides collections of physics processes suitable for different applications. We selected the
QGSP_BERT list which is recommended for high energy detector simulations like the LHC
experiments. We have integrated the sSPHENIX simulations with the PHENIX software
framework, enabling us to use other analysis tools we have developed for PHENIX.

The detectors and readout electronics and support structures are currently implemented
as cylinders. The setup is highly configurable, making it easy to test various geometries
and detector concepts. Magnetic field maps can be imported from Opera calculations. We
keep track of each particle and its descendants so every energy deposition can be traced
back to the original particle from the event generator. The detector geometry can be easily
configured when events are generated from a number of libraries which simulate concentric
cylinders (the simplest idealized geometry), tilted plates, and accordion geometries for the
electromagnetic and hadronic calorimeters.

The existing PHENIX silicon vertex detector (VTX) consists of four inner silicon layers at a
radius of 2.5 cm (200 pm), 5cm (200 pm), 10 cm (620 pm), 14 cm (620 pm). The supercon-
ducting magnet is simulated as a cyclinder approximately one radiation length thick. The
electromagnetic and hadronic calorimeters are implemented as tungsten and iron cylinders
respectively with embedded scintillator or scintiullating fiber. The readout electronics for
the EMCal is approximated by 5 mm of Teflon following the EMCal.

All tracks which reach a layer 10 cm behind the HCal are aborted to prevent particles
which are curled up by the field from re-entering the detector. Adding up the energy of
those aborted tracks yields an estimate of the energy which is leaked from the back of the
HCal.

We have two algorithms to account for the granularity of the detectors and their readout.
For the silicon layers the deposited energy is summed using a given strip or pixel size. The
dimensions for the inner 2 layers are 0.05 mm x 0.425 mm, layer 3 and 4 are 0.08 mm x 1 mm
and layers 5 and 6 are 0.08cmx3cm. The energy deposited in the scintillators of the
calorimeters is summed in equal sized bins of pseudorapidity and azimuthal angle. The
size for the EMCal is 0.024 x 0.024, the size for the HCal is 0.1 x 0.1.

3.4.1 Electromagnetic Calorimeter Simulation

The electromagnetic calorimeter has been simulated using the GEANT4 tools described
above. Figure 3.14 shows a typical GEANT4 event in which a 10 GeV/c electron hits the
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Figure 3.14: Transverse view of a 10 GeV /c electron in sSPHENIX. It penetrates the magnet
(blue) and showers mainly in the EMCal.

calorimeter. Most of the shower develops in the EMCal. The response of the electromag-
netic calorimeter to electrons and protons at normal incidence is shown in Figure 3.15.
The resolution of the electromagnetic calorimeter for electrons at normal incidence is
summarized in Figure 3.16. The single particle energy resolution at normal incidence is

determined to be 14.2%/+v/E + 0.7%.

The energy deposited in the electromagnetic calorimeter in central HIJING events is shown
in Figure 3.17. The mean energy deposited in any single tower is estimated to be 47 MeV.
The existing PHENIX electromagnetic calorimeter cluster finding algorithm has been
adapted for the sSPHENIX EMCal specifications. Initial results indicate that for a 10 GeV
photon there is an extra 4% of underlying event energy in the cluster and a degredation of
approximately 10% in the energy resolution when embedded in a central Au+Au event
(simulated with the HIJING event generator).
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Figure 3.15: Response of the electromagnetic calorimeter to 1.5, 3, and 5 GeV electrons and
5GeV protons. For the protons there is a large minimum ionizing particle (MIP) peak and a
broad distribution corresponding to cases where the proton induces an hadronic shower at
some depth into the EMCal.

3.4.2 Hadronic Calorimeter Simulation

The hadronic calorimeter has been simulated using the GEANT4 tools described above.
Figure 3.18 shows a typical GEANT4 event in which a 10GeV/c 7" incident on the
calorimeter showers in the Hcal.

The single particle energy resolution in the HCal has been determined using a full GEANT4
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Figure 3.16: Energy resolution of a tungsten-scintillator sampling calorimeter with the same
sampling fraction as the sSPHENIX tungsten-scintillator accordion calorimeter. The data
are obtained for electrons at normal incidence with energies indicated. The fit indicates an
energy resolution of ¢ /E = 14.2%/v/E+0.7%.
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Figure 3.17: Distribution of energy deposited in the electromagnetic calorimeter for single
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Figure 3.18: Transverse view of a 10GeV/c 7t~ in sSPHENIX. It penetrates the EMCAL and
magnet and showers in the first segment of the HCal.

description of the calorimeters. The energy deposition in the scintillator is corrected for the
average sampling fraction of the inner and outer sections separately, calculated to be 18.2%
for the inner and 27% for the outer. The calorimeter response to single protons is shown in
Figure 3.19. Figure 3.20 shows the resolution of just the HCal itself when illuminated by a
beam of 77~ In this case, there is nothing in front of the HCal, it is just an isolated device.
Figure 3.21 shows the energy resolution of the combined system of EMCal and HCal when
illuminated by a beam of protons. In this case, the full GEANT4 description of SPHENIX is
in place.

The mean and standard deviation from a Gaussian fit to the measured energy distri-
bution are used to calculate the nominal detector resolution. In both Figure 3.20 and
Figure 3.21, the resolution determined from simulation is compared to curves of 0.85/ VE,

0.75/ \/E, and 0.65/+/E as reference for the simulated resolution. These indicate a GEANT4
performance level better than the physics requirements.

As mentioned above, the proposed sPHENIX calorimeter system is about 6A;,; deep, and
one expects some leakage of energy out of calorimeter. The amount of this leakage and its
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Figure 3.21: Energy resolution of the combined system of EMCal and HCal. In this case, the
calorimeters sit behind the VTX and the solenoid magnet.

energy dependence can be estimated from literature Figure 3.9 above or from simulation
which is tuned to available experimental data. The probability for a proton to go through
the whole depth of calorimeter without an hadronic interaction is about 0.6% (verified
with full GEANT4 simulations). Energy leakage out the back is thus not expected to be a
serious problem for this calorimeter.

3.5 Electronics

For the readout of both the EMCal and HCal a common electronics design will be used
to reduce the overall cost and minimize the design time. Two viable alternatives for
reading out the SPHENIX calorimeters have been identified. The first approach is based
on electronics developed for the PHENIX Hadron Blind Detector (HBD) and Resistive
Plate Chambers (RPC), and uses the current PHENIX DAQ as the backend readout. The
second approach is based on the BEETLE chip developed for the LHCb experiment and the
SRS DAQ developed at CERN. The following sections describe both approaches and how
they could be implemented in sSPHENIX. Both approaches will be evaluated in terms of
performance and cost to enable an eventual selection of a readout system for the SPHENIX
calorimeters.
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3.5.1 Sensors

For both the electromagnetic and hadronic calorimeters, we are currently considering as
sensors 3 mm X 3 mm silicon photomultipliers (5iPMs), such as the Hamamatsu S10362-33-
25C MultiPixel Photon Counters (MPPC). These devices have 14,400 pixels, each 25 ym x
25 ym. Any SiPM device will have an intrinsic limitation on its dynamic range due to the
finite number of pixels, and with over 14K pixels, this device has a useful dynamic range of
over 10%. The saturation at the upper end of the range is correctable up to the point where
all pixels have fired. The photon detection efficiency is ~ 36% and it should therefore be
possible to adjust the light level to the SiPM using a mixer to place the full energy range
for each tower (~ 5 MeV-50 GeV) in its useful operating range. For example, if the light
levels were adjusted to give 10,000 photoelectrons for 50 GeV, this would require only 200
photoelectrons/GeV, which should be easily achieved given the light level from the fibers
entering the mixer.

While we believe that the SiPMs are likely the most suitable sensor for the calorimeters,
we are also considering avalanche photodiodes (APDs) as an alternative. They have much
lower gain (~50-100 compared to ~ 10° for SiPMs), and therefore would require lower
noise and more demanding readout electronics, but they do provide better linearity over
a larger dynamic range. In addition, while the gain of both SiPMs and APDs depend on
temperature, SiPMs have a stronger gain variation than APDs (typically 10%/°C for SiPMs
vs 2%/°C for APDs). Thus, we are considering APDs as an alternative solution as readout
devices pending further tests with SiPMs and our light mixing scheme.

3.5.2 All Digital Readout [Option 1]
SiPM Preamplifier Circuitry

The requirements of the sSPHENIX calorimeter preamplifier circuit board are to provide
localized bias/gain control, temperature compensation, signal wave shaping and differen-
tial drive of the SiPM signal to an ADC for acquisition. Gain adjustment and temperature
compensation are performed as part of the same control circuit. Signal wave shaping is
performed by the differential driver to satisfy the sampling requirements of the ADC.

Temperature Compensation

The reverse breakdown voltage Vy,, for the Hamamatsu S10362-33-25C device is nominally
70 Volts. As the bias is increased over the value of Vi, the SiPM begins to operate in
Geiger mode with a gain of up to 2.75 x 10°. The range of this over-voltage (Voy) is
typically 1-2 Volts and represents the useful gain range of the device. The Vy,, increases by
56 mV/°C linearly with temperature and must be compensated to achieve stable gain. This
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compensation is achieved using a closed feedback loop circuit consisting of a thermistor,
ADC, logic and DAC voltage control as shown in Figure 3.22.

The thermistor is fixed to the back of the SiPM and provides a significant voltage variation
over temperature when used as part of a voltage divider, thereby easing temperature
measurement over a length of cable. The bias supply for an array of SiPMs is fixed
nominally at Vy,, + 2.5V. The DAC in each SiPM circuit then outputs a subtraction voltage
of 0V to 5V to provide a full range of gain control over the device temperature range. The
SiPM gain may then be adjusted externally through an interface to the logic.

~70V Bias
Thermistor
—_ ‘
/0 : ‘
Logic
H —
Differential
§ Rs Amp To ADC

H —

o 0-5V

Figure 3.22: Block diagram of a temperature compensating circuit for SiPMs

Preamplifier-Shaper-Driver

The SiPM current develops a voltage across the load resistor Rs proportional to the number
of pixels fired. To avoid the region of greatest non-linearity due to saturation of the SiPM,
the maximum signal level is optically adjusted to 10K out of 14.4K pixels fired. Simulations
of the SiPM indicate that the current could be as much as several tenths of an ampere at
this maximum level. Results of a SPICE simulation are shown in Figure 3.23. Such a large
current affords the use of a small value for Rs which virtually eliminates the contribution
of Rs to non-linearity. This signal voltage is sensed differentially, amplified and filtered by
a low power, fully differential amplifier. For sampling by a 65MSPS ADC, a peaking time
of approximately 35 ns is achieved through the use of a second order Butterworth filter
implemented in the differential driver circuit.
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Figure 3.23: SPICE simulation of a prototype temperature compensating circuit for SiPM
readout of the sSPHENIX EMCal and HCal.

Signal Digitization

One solution for the readout of the EMCal and HCal detectors for sSPHENIX is the direct
digitization of the SiPM signal. The signals from the SiPM are shaped to match the
sampling frequency, and digitized using a flash ADC. The data are stored in local memory
pending a Level-1 (L1) trigger decision. After receiving an L1 trigger decision, the data are
read out to PHENIX Data Collection Modules (DCM II). These second generation Data
Collection Modules would be the identical design as those developed and implemented for
reading out the current PHENIX silicon detectors. One advantage of direct digitization is
the ability to do data processing prior to sending trigger primitives to the L1 trigger system.
The data processing can include channel by channel gain and offset corrections, tower
sums, etc. This provides trigger primitives that will have near offline quality, improved
trigger efficiency, and provide better trigger selection.

A readout system based on this concept was implemented for the Hadron Blind Detector
(HBD) for the PHENIX experiment as shown in Figure 3.24 and subsequently modified for
the PHENIX Resistive Plate Chamber (RPC) system. The block diagram of the Front-End
Module (FEM) is showed in Figure 3.25. In the HBD system, the discrete preamplifier-
shaper is mounted on the detector and the signals are driven out differentially on a 10
meter Hard Metric cable. The signals are received by Analog Device AD8031 differential
receivers which also serves as the ADC drivers. Texas Instruments ADS5272 8 channel 12
bit ADCs receive the differential signals from 8 channels and digitize them at 6x the beam
crossing clock . The 8 channels of digitized data are received differentially by an Altera
Stratix II 60 FPGA which provides a 40 beam crossing L1 delay and a 5 event L1 triggered
event buffer.

The L1 triggered data from 4 FEMs is received by an XMIT board using token passing
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Figure 3.25: Block diagram of the HBD FEM electronics

to control the readout of the FEMs. The data is then sent by 1.6 GBit optical links to
the PHENIX DAQ. A ClockMaster module interfaces to the PHENIX Granulate Timing
Manager (GTM) system and fans out the clocks, L1 triggers and test enable signals to the
FEMs and XMIT modules. The ClockMaster module also receives slow control signals for
configuring the readout.

Although not shown in the block diagram, the FEM has 4 LVDS outputs that can be used
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to bring out L1 trigger primitives at 800 Mbits/sec. This feature was not used for the HBD
readout, however it has been implemented for the RPC detector. A trigger module for the
RPC system based on the Altera Arria FPGA receives the trigger primitives from the FEMs,
combines them and sends them to the PHENIX L1 trigger system through two 3.125 GBit
optical links.

For implementation in sSPHENIX, two possible implementations are under consideration.
The first design would place the analog and digital electronics directly on the detector.
All control and clock signals would be brought in and L1 trigger primitives and triggered
digital data transmitted out via high-speed optical fibers.

The second approach has the temperature compensating preamplifier mounted on the
detectors and the shaped and amplified signals driven differentially to the digital modules
located in racks near the detector using shielded differential cables. High speed fiber
optic cables bring in all control and clock signals and transmit L1 trigger primitives and
triggered data to the PHENIX DAQ.

3.5.3 Mixed-Mode Readout [Option 2]
Preamp ASIC

A preamp ASIC appropriate for readout of sSPHENIX calorimeters has been identified.
This custom ASIC is being developed at ORNL for front end readout of a new forward
calorimeter (FoCal) under consideration as an upgrade for ALICE at CERN. This ASIC, or
a very close variant, is appropriate for front end readout of the sSPHENIX EMCal, HCal,
(and the additional strip-pixel preshower as discussed in Chapter 6) detectors. The ORNL
ASIC development is funded as part of a multi-disciplinary DOE SC LAB 11-450 project
which is in its first year. The ORNL team is in close communication with colleagues at
BNL and are working to coordinate simulation and actual testing of the ORNL ASIC with
appropriate Hamamatsu silicon photomultipliers (SiPM) for the sPHENIX EMCal and
HCal. The already-funded first year of LAB 11-450 work at ORNL will generate first round
ASIC chips this summer for testing.

Traditional charge-sensitive preamplifiers (CSP) are commonly used for readout of capaci-
tive detectors (silicon pads, strips, etc.) for two reasons. First, all the charge generated in a
detector due to a radiation event is ultimately collected by the preamplifier irrespective
of the detector capacitance. Higher detector capacitance may slow the preamplifier band-
width such that it takes many microseconds to collect the charge but it will ultimately be
collected. Second, the ratio of the output voltage to the input charge (charge gain) is deter-
mined by the feedback capacitor used in the CSP and not the detector. Since Q/C =V,
this will allow a small charge signal to be processed by a small feedback capacitor on the
CSP instead of that same small charge on a much larger detector capacitance. This results
in a proportionally larger voltage signal for subsequent processing.
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Because of the large amount of charge per event available from an SiPM and the need for a
fast trigger signal (fast preamplifier response), a traditional CSP is likely not ideal or needed.
Therefore, a truly application-specific approach to on-chip readout is proposed. For
simplicity, we can utilize a very fast high-speed follower topology similar to that used on a
photomultiplier tube. This will allow us to maintain high speed, low noise, and simplicity
at the front end detector. With a follower, we will have sufficient bandwidth to provide
a fast trigger without having to maintain a high bandwidth closed loop CSP. Processing
electronics can be placed away from the detector thus somewhat mitigating heat and
power-distribution problems. The follower, shown in Figure 3.26, is very straightforward.
Simulations in Figure 3.27 show that if we design the detector/follower such that our input
maximum charge results in approximately 1.6 V output, we can develop a circuit which
will exhibit noise of approximately 108 4V RMS, a peak/RMS ratio of 14,800. This shows
that we will likely not be limited by noise, but by inter-channel crosstalk. The follower
requires a buffered output, preferably differential to minimize crosstalk. The output of the
differential buffer will drive the signal to an area with more available space, where it will
be connected to processing electronics (shaper, trigger processor, ADC), simplifying their
requirements.

Bias resistors

5V

T Output-of NMOS e

Coupling Cap <

g \ < = Charge on detector cap
O j Q 1oouabias ./ T
:[ b -: j‘.‘

Detector
~40pC charge out
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Figure 3.26: ASIC follower schematic and output signal

A block diagram for the proposed preamplifier/driver is shown in Figure 3.28. The
preamplifier connects to the detector as shown in Figure 3.26 (through a coupling capacitor
if needed) and can utilize either polarity of charge input. There are bias setting resistors
on the chip that set the quiescent input voltage. When an event occurs, the charge is
collected on the detector capacitance and the voltage output is buffered and sent to the
single-ended-to-differential driver. This driver is designed to drive a 100-ohm differential
line. The power dissipation is currently under 10 mW for the entire circuit which operates
on 2.5 V. The preamplifier is presently under design in the TSMC 0.25ym CMOS process.
A layout estimate results in an expected chip area of under 2 mm x2 mm for four channels.

This electrical engineering design and development of the ASIC is undertaken as part of
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Figure 3.28: A block diagram for the proposed preamplifier /driver.

a separate ongoing DOE LAB 11-450 project. Fabrication and testing of 120 ASIC chips
is scheduled for summer 2012. The chip bench testing will be performed at ORNL and
include tests of basic functionality to ensure essential operation of the device such as
amplification, rise time, power dissipation, channel-to-channel gain variation, noise, and
chip-to-chip variations.

We have obtained a MOSIS quotation for fabrication and packaging of a sufficient number
of 4-channel preamp ASICs plus spares for the sSPHENIX EMCal and HCal for a cost of
$2.80/channel. This price does not include the testing which can be accomplished very
cost effectively by EE and physics graduate students with direct supervision by electrical
engineers.
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Front-End Readout Design using the CERN SRS

In this Section we present a design outline for sSPHENIX calorimeter readout based on the
already-existing CERN Scalable Readout System (SRS) which has been developed as part
of the CERN RD51 project [114, 115].

The SRS architecture consists of three stages, as shown in Figure 3.29. Signals from the
detector elements are conditioned and analog buffered on an analog FEE board (see below
for more detail), which also generates trigger primitives. When an event is read out, the
FEE board transmits analog levels to the front-end card (FEC), where they are digitized
and assembled as sub-events. The transfer from the FEE board to the FEC is carried across
commercial standard HDMI-format cables, which can accommodate a separation of several
meters from a detector-mounted board to crate-mounted FECs. The FECs receive trigger
primitives from the FEE boards along the same HDMI cables.

With existing implementations, each FEC can service eight FEE boards. Continuing
hierarchically, up to 40 FECs can be gathered through standard network connections, to
one Scalable Readout Unit (SRU) component of the SRS system. The SRU gathers the
real-time trigger information from the whole system and fulfills the same function as
the existing PHENIX Local Level-1 (LL1) system. The SRU also serves as the overall
controller/director for the FECs and fulfills the same function as the existing the PHENIX
Granule Timing Module (GTM) to pass down readout and control instructions. When an
event is processed, the FECs can put out sub-event data on standard network connections
directly to an Event Builder; and thus the FEC fulfills the function of both the Data
Collection Module (DCM II) and Sub-Event Builder (SEB) of the PHENIX architecture.

The FEC and SRU together

perform the functions of the
sPHENIX Analog FEE Board PHENIX FEMs and LL 1

Services 128 channels, very simple
design & function
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Figure 3.29: The SRS topology: The analog FEE board sits on the detector and buffers analog
levels, which are then transferred to, and digitized on, the Front-End Card (FEC); the array
of FECs are controlled by a Scalable Readout Unit (SRU) board. Only the analog FEE board
is specific to the detector; the FEC and SRU are already-existing components of the SRS.
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The sPHENIX Analog FEE Board

The advantage of adopting the SRS, for any large-scale system, is that only the analog FEE
board needs to be designed specifically for the detector in question, and its functionality
is relatively simple. It only needs to buffer and transmit analog levels; all the ADC and
digital processing functions are carried out on existing FECs.

In